TRANSACTIONS 


of the 


American Institute of Mining, 
Metallurgical, and Petroleum 


Engineers 


(Incorporated ) 


VOLUME 216 


PETROLEUM DEVELOPMENT 
AND TECHNOLOGY 
1959 


SOCIETY OF PETROLEUM ENGINEERS 
of AIME 


PAPERS AND DISCUSSIONS INCLUDED HAVE BEEN APPROVED FOR PUBLICATION 
BY THE SOCIETY OF PETROLEUM ENGINEERS TRANSACTIONS EDITORIAL 
COMMITTEE. THEY WERE SELECTED FROM PAPERS PRESENTED BEFORE THE 
SOCIETY AT MEETINGS HELD IN MIDLAND, TEX., APRIL 18-19, 1957; DALLAS, 
OCT. 6-9, 1957; CARACAS, NOV. 6-9, 1957; TULSA, MARCH 20-21, 1958; 
SHREVEPORT, LA., APRIL 17-18, 1958; HOUSTON, OCT. 5-8, 1958; LOS 
ANGELES, OCT. 16-17, 1958; CASPER, WYO., APRIL 2-3, 1959; 
MIDLAND, TEX., MAY 7-8, 1959; KANSAS CITY, MAY 17-18, 

1959; DALLAS, OCT. 4-7, 1959; PASADENA, CALIF., OCT. 

22-23, 1959; AND PAPERS NOT PRESENTED AT THESE 
MEETINGS BUT OFFERED TO THE SOCIETY OF 
PETROLEUM ENGINEERS OF AIME FOR 
PUBLICATION. 


PUBLISHED BY THE INSTITUTE 
AT THE OFFICE OF THE SOCIETY OF PETROLEUM ENGINEERS 
6300 NortH CENTRAL EXPRESSWAY 


TEXAS 


Headquarters of the Institute are at 29 West 39th Street, New York, N.Y. 


CopyricHT, 1960, By THE 


AMERICAN INSTITUTE OF Mrninc, METALLURGICAL, 


& PETROLEUM ENGINEERS 


(INCORPORATED ) 


PRINTED IN THE UNITED STATES OF AMERICA 


Storm PrintTiING Company, DALLAs, TEXAS 


ERRATA 


In T.P. 8072, “Nonlinear Behavior of Elastic Porous 
Media”, the figure appearing should replace Fig. 1 
which appears on page 181. 

In the last paragraph on page 180, the equation re- 
ferred to is 13 rather than 3 as now appears. 

On page 181, the left side of Eq. 18 should read 


Vin 

In the explanatory note above Fig. 2 on page 182, 
the final line should read ““— dashed curve, constructed 


from A according to Eq. 7”. 

In the explanatory note above Fig. 3 on page 182, 
the finai line should read “A rock volume change ditto, 
according to Eq, 12”. 

On page 183 in the second column, a capital phi, ®, 
should replace the lower case phi, ¢, in lines 18, 20 
and 23, 

On page 185 the following changes are in order. In 
Eq. 27, X v. should read v. In the Nomenclature, Xt 
should replace A in all cases, and &,W should replace 

On page 187 the following changes should be made 
in the author’s reply to the discussion. The first three 
lines of the second column should read “moreover not 
essential to introduce Eq. 9b, since intergrating of the 
partial differential Eq. 9a results in,”. The tenth line 
in this column should read “G/V,, by one as in Eq. 14. 
In the paper I preferred to carry on with the equations 
of the linear elasticity theory as far... .” 
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FOREWORD 


ee THIS YEAR our PETROLEUM TRANSACTIONS volume contains more pages of tech- 

nical material than any volume in our history, The size of the volume has grown 
from 340 pages in 1954 to 498 pages this year. The primary purpose of the Society 
is the dissemination of technical material, and our ability to publish an increasing 
amount of excellent technical papers each year indicates our expanding service to 
members. 


As did Vol. 213 covering 1958, this volume contains Technical Publications and 
Technical Notes which appeared in summary form only in JouRNAL oF PETROLEUM 
TeEcHNOLOGY. We appreciate the patience shown by our members toward this tempo- 
rary solution to our editorial space problem. 


Other affairs of the Society have progressed very well during the year. We have 
added 1,312 new members to our rolls. This membership growth, which is similar in 
number to that which we have had in recent years, is a further indication of the gen- 
eral health and progress of our professional society. 


In visiting some 36 petroleum local sections during the year, | have been im- 
pressed with the need for a better method of relaying information to and from our 
members and our sections. Accordingly, we have set up a Regional Organization of 
our sections and have asked members of the Board of Directors to visit once or twice 
each year with local sections in their region. By meeting with the directors of the local 
sections, these SPE directors will learn how we might better serve our members and 
explain to them the projects being carried out by the Society at the national level. 


We now have 43 sections composed predominantly of petroleum members, plus 
four sub-sections. This includes four new ones established during the year—the North- 
ern Oklahoma Section, the Sumatra Petroleum Section in Indonesia, the Appalachian 
Peiroleum Section, and the Saudia Arabia Section. 


During 1959 the Dallas headquarters office of the Society moved to a new build- 
ing at 6300 North Central Expressway in Dallas. Because of our rapid growth in re- 
cent years, we had simply outgrown our quarters in the Fidelity Union Building. Our 
staff in Dallas is a dedicated group which is working diligently to serve all members 
of the Society. These new offices will permit them to carry out their work even more 


efficiently. 


Another accomplishment during the year was the completion of plans to merge 
our statistical volume with the annual volume published by the National Oil Scouts 
and Landmen’s Association, Jointly-compiled volumes will be published in two parts 
in 1960 under the title /nternational Oil and Gas Development. A much more valuable 
volume for the industry undoubtedly will result, and duplication of time spent by en- 
gineers and oil scouts in statistics-gathering work will be eliminated. 


The Society of Petroleum Engineers of AIME is a dynamic organization which 
constantly is better serving petroleum scientists and engineers engaged in the drilling 
and production of oil and gas. We are successful because of the outstanding work car- 
ried out for the Society by its members — so to you we say congratulations and thank 
you. 


JOHN S. BELL, President 
Society of Petroleum Engineers of AIME, 1959 
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EUGENE A. STEPHENSON 
John Franklin Carll Award, 1959 


“For his contributions as a pioneer geologist and en- 
gineer, as an outstanding teacher, and as a dynamic 


investigator in the field of engineering research. 


THE JOHN FRANKLIN CARLL AWARD 


Established in 1956 and first presented in 1957, 
the John Franklin Carll Award is awarded “‘to rec- 
ognize distinguished achievement in or contribu- 
tions to petroleum engineering”. The medal me- 
morializes John Franklin Carll (1828-1904) whose 
ideas and writings first expressed principles of pe- 
troleum engineering which are now considered com- 
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ABSTRACT 


This paper presents results of an experimental investi- 
gation of factors that control the efficiency with which 
oil is displaced from porous media by a miscible fluid. 
The study was made to elucidate the relevant processes 
both on microscopic level (within individual or between 
neighboring pore spaces) and on macroscopic level 
(within a large sand body). 

Mixing of miscible fluids on the microscopic level was 
studied in sand-packed tubes. It was found that mole- 
cular diffusion is the dominant dispersion mechanism 
for reservoir conditions of rate, length and pore sizes. 

Macroscopic channeling was studied for various 
mobility ratios in reservoir models scaled to relate vis- 
cous, gravitational, and diffusional forces. The formation 
of channels was due to viscous fingering, gravity segrega- 
tion and variations in permeability. With adverse mobil- 
ity ratios, it was found for reservoirs of realistic widths 
that diffusion will not be effective in preventing the 
formation and growth of fingers, even in homogeneous 
sands. At sufficiently low rates channeling was elim- 
inated by gravity segregation in tilted reservoirs. The 
dependence of recovery on mobility ratio, length-to- 
width ratio, flow rate and angle of dip is presented. 


Oil recovery by solvent flooding is finding increasing 
application in the field. While the process promises high 
recoveries from the region swept by solvent, under 
adverse conditions only a small fraction of the reservoir 
volume may be swept at the time solvent breaks through 
to the producing well. Further, the high cost of the 
solvent encourages its use only as a bank whose size 
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must be kept at a minimum. Thus, two important ques- 
tions arise: (1) what fraction of the reservoir can be 
swept, practically, by solvent? and (2) what is the 
minimum size solvent bank that can be used to carry 
out the displacement? The answers to these questions 
require knowledge of both macroscopic channeling proc- 
esses and microscopic mixing processes. The studies 
described here were carried out to gain this knowledge. 
Microscopic mechanisms which cause mixing will be 
discussed first, because an understanding of these mech- 
anisms is necessary for proper interpretation of the 
experimental work on channeling described later. 


INVESTIGATION OF MICROSCOPIC 
DISPLACEMENT PHENOMENA 
FOR MISCIBLE FLUIDS 


The questions to be resolved concerning microscopic 
displacement behavior are: (1) how much mixing 
occurs between oil and solvent in the direction of flow? 
and (2) does the solvent completely flush the oil from 
the pore spaces in the region invaded by solvent? 

The classic work of Sir Geoffrey Taylor’ and its 
extension by Aris’ have shown that it is possible from 
theory to describe the amount of mixing in single 
straight capillaries when solvent displaces a fluid of 
equal viscosity and equal density. 

Aris showed that the lengths of the mixing zones, 
81, corresponding to the 10 per cent and 90 per cent 
concentration levels of the solvent can be calculated 
from the formula, 

where 8/ is the length of the mixing zone, cm; ¢ is the 
time, sec; and K is the effective dispersion coefficient, 
cm’/sec, given by 

K/D 
where a is the radius of the capillary, cm; D is the 
molecular diffusivity, cm’/sec; u is the average velocity 
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Fic. 1—CorreLATION OF DISPERSION COEFFICIENTS. 


of the front and is defined as u = g/za’, cm/sec, where 
q is the volumetric injection rate, cm*/sec. 

Subsequent experimental investigations’ verified the 
theoretical predictions of Aris for low rates and small 
capillaries. This work also extended the studies to fluids 
of unequal viscosity—equal density and to fluids of 
equal viscosity—unequal density. These investigations 
demonstrated that the amount of mixing in a single 
straight capillary can be predicted and showed the im- 
portance of molecular diffusion in providing complete 
displacement of the oil by solvent at rates and capil- 
lary sizes comparable to reservoir rates and pote sizes. 


In porous media there are flow channels of varying 
sizes with frequent junctures between the channels. 
More mixing between oil and solvent tends to occur in 
this complex geometry than in the straight capillary. 
The degree of mixing between the oil and solvent results 
from interplay between the mechanisms of molecular 
diffusion and convective dispersion. Molecular diffusion 
perpendicular to direction of flow tends to decrease the 
convective dispersion produced either by velocity varia- 
tions in a single channel or by velocity variations arising 
from geometrical complexities of the porous medium. 

Data in the literature do not answer the question of 
how much mixing occurs between the oil and solvent in 
the reservoir. Most of the laboratory data were taken at 
high rates of flow in models packed with large sand 
particles—conditions under which the effects of con- 
vective mixing are dominant. Therefore, the present 
data were taken under conditions simulating low flow 
rates and small sand particle sizes comparable to those 
in the reservoir. Correlation of these data with the 
work of others permits interpretation of laboratory ex- 
periments in terms of reservoir behavior. 


EXPERIMENTAL APPARATUS AND PROCEDURE 


Use of gases, whose molecular diffusivities are many 
times greater than those of the reservoir liquids they 
simulate, makes it possible to investigate in a practical 
time in the laboratory the microscopic flow phenomena 
for flow rates and pore sizes characteristic of reservoir 
conditions. Argon was used to displace a mixture of 
90 per cent argon and 10 per cent helium from a 120-ft 
stainless steel tube with an inside diameter of 0.53 in. 
The tube was packed with 60- to 80-mesh silica sand to 
give a permeability of 15 darcies and a porosity of 33.9 


2 


per cent. Thirty-six displacements were made at rates 
from 0,023 to 0.72 cm/sec. These velocities correspond 
to field rates of 0.32 to 10.2 ft/day for miscible liquids 
in a typical reservoir. 

The lengths of the mixing zones corresponding to 
the 10 and 90 per cent concentration levels of the sol- 
vent were determined by thermal conductivity measure- 
ments of: the effluent. 


DISCUSSION OF RESULTS 

Measurements of the variations in concentration of 
the resident fluid in the effluent indicated that the con- 
centration profile of the fluids in the mixing zone could 
be represented by an error function. As a result of this 
finding the effective dispersion coefficients for these data 
were calculated from Eq. 1 and are correlated as shown 
in Fig. 1 with the results of other investigators*’ for 
both gases and liquids. The ratio of the experimental 
dispersion coefficient divided by the molecular diffusivity 
of the fluids, K/D, is plotted in Fig. 1 as a function of 
the dimensionless parameter, a,u/D, where a, is the 
average particle radius of the sand grains, cm; and u is 
the average velocity of the front and is defined as 
u = q/¢A, cm/sec, where q is the volumetric injection 
rate, cm*/sec; ¢ is the fractional porosity; and A is the 
cross-sectional area of the column, cm”. 

For the data of Rifai*, the average particle radii were 
calculated from sieve analyses using the procedure sug- 
gested by Carman.’ For cases in which the molecular 
diffusivity was neither given by the author nor available 
in the ICT,’ a value of 2 X 10° cm’/sec was assumed 
in calculation of the cited correlation parameters. 

The dimensionless parameter, a,u/D, relates the trans- 
port in the longitudinal direction by convection to lateral 
transport by diffusion. 

For values of a,u/D less than 0.04, corresponding 
to the small particle sizes and/or low rates typical of 
reservoir conditions, the dispersion coefficient is equal 
to the molecular diffusivity divided by a tortuosity factor 
of 1.5. This tortuosity factor is typical of values ob- 
tained for unconsolidated sand packs using uniform, 
rounded sand particles. For values of a,u/D greater than 
0.04 convective mixing causes the dispersion coefficients 
to increase above the molecular diffusivities. With the 
exception of the data of Rifai, all the results for values 
of a,u/D greater than 0.5 can be represented by K/D = 
8.8(a,u/D)*". Also shown in Fig. 1 is a curve calcu- 
lated from Aris’ theory, Eq. 2, for flow in a capillary 
having an average pore radius, a = a,/3, a reasonable 
value for unconsolidated sands. Convective dispersion 
in the capillary becomes important for values of a,u/D 
greater than 6, whereas it was noted to assume impor- 
tance in porous media for values greater than 0.04. 
For a given value of a,u/D the increased importance of 
convection in the porous medium compared to that in 
the capillary is interpreted to result from unequal flow 
velocities in adjacent channels. 


No measurements of the dispersion coefficient for 
consolidated media have been included in the correla- 
tion shown in Fig. 1. However, it is expected that the 
variation of K/D with velocity for many reservoir rocks 
resembles that obtained for the unconsolidated sands; 
1.e., the dispersion is dominated by molecular diffusion 
at low rates and by convective mixing at most labora- 
tory rates. The correlation plot should give adequate 
approximations for the dispersion coefficients for most 
practical calculations; however, in particular cases, e.g., 
in some laboratory investigations it may be desirable to 
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TABLE 1—TYPICAL MIXING ZONE LENGTHS FOR RESERVOIRS 


Rate Length of Mixing Zone, ft* 
(ft/day) L** = 1,000 ft L** = 10,000 ft 
0.1 12.7 40 


0.5 5.7 18 


*The value of D was assumed to be 5 X 10-8 ft2/sec 
**L is the length of the reservoir 


TABLE 2—TYPICAL MIXING ZONE LENGTHS FOR LABORATORY MODELS 
Length of Mixing Zone, ft* 
For 20- to 30-Mesh Sand For 120- to 270-Mesh Sand 


= = = = 
Raie * ll ll ll 
ft/day * * * * 
Laboratory = 4 
1 .03 1.0 14 46 1.4 
50 .40 4.0 10 .32 1.0 
100 41 ics 4.1 .34 1.1 


*The value of D was assumed to be 2 X 10-8 ft?/sec 
**L is the length of the model 


determine the dispersion coefficient by actual measure- 
ments. 


It is of interest to contrast the lengths (in the direc- 
tion of flow) of the mixing zones which arise in labora- 
tory models with those characteristic of the reservoir. 
Listed in Table 1 are the lengths of mixed zones caused 
by microscopic flow phenomena calculated from Eq. 1 
for typical reservoir rates for K/D = 0.67, as shown in 
Fig. 1. In the reservoir, the small rates and particle 
sizes lead to mixed zones which are a small fraction of 
the total length. These lengths are independent of the 
particle size because of the independence of K/D on 
particle size at reservoir flow rates. The lengths of the 
mixed zones calculated for typical laboratory conditions 
are listed in Table 2. In the laboratory these zones are 
a much larger fraction of the model lengths and increase 
approximately with the square root of the particle size. 


INTERPRETATION OF RESULTS OF MICROSCOPIC 
DISPLACEMENT PHENOMENA 


FOR RESERVOIR CONDITIONS 


Analysis of data on microscopic displacement of mis- 
cible fluids leads to the following interpretation. For 
reservoir rates and pore sizes, interplay between dif- 
usional and convective transport causes complete flush- 
ing of oil from the pores invaded and results in mixing, 
primarily by diffusion, in the direction of flow. In the 
reservoir the zone (containing mixtures of oil and 
solvent) which results from the microscopic flow proc- 
esses alone will be quite short, e.g., 0.5 to 1 per cent of 
the total reservoir length. Thus, if the size of a solvent 
bank, e.g., propane driven by a cheaper fluid miscible 
with the propane, were selected solely on the basis of 
diffusion in the direction of flow, a bank of 1 to 2 per 
cent of the pore volume would be sufficient to recover 
all of the oil. It must be emphasized that this does not 
include consideration of the macroscopic flow processes 
discussed in a later section. 


FOR LABORATORY CONDITIONS 


The design of laboratory experiments requires high 
rates of flow and high permeabilities, i.e., large sand 
particles, to minimize both time required for studies and 
size of models. Under these conditions velocity varia- 
tions between flow channels become important. While 
interplay between diffusional and convective transport 
still causes complete flushing of oil from individual 
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channels, mixing (in direction of flow) in laboratory 
models between oil and solvent results primarily from 
convection. The mixed zones which result from the 
convectional process will be a larger fraction of the 
model length than the corresponding zone in the reser- 
voir. Thus, to minimize this lack of similitude the 
models should be made as long as possible and particle 
sizes should be as small as possible, consistent with the 
scaling criteria to be discussed later. 


INVESTIGATION OF MACROSCOPIC 
DISPLACEMENT PHENOMENA 
FOR MISCIBLE FLUIDS 


The tendency for low-viscosity, low-density solvents 
to channel through oil sands on the gross or macro- 
scopic scale presents serious problems. Channeling of 
the injected solvents results from permeability stratifi- 
cation, gravity segregation (with solvent over-riding the 
oil zone) and viscous fingering. Channeling (even for 
equal viscosity and density fluids) in stratified sands is 
universally recognized. The tendency for a low-viscosity 
solvent to channel or finger into a homogeneous sand 
and for the fingers to enlarge and possibly by-pass large 
regions containing higher viscosity oil is less well under- 
stood, particularly on a quantitative basis. Fingering 
arises whenever the solvent in one region penetrates 
slightly ahead of that in an adjacent region. This initial 
penetration may result from a local permeability inhomo- 
geneity; however, subsequent development of the finger 
is due to the decreased resistance to flow in the region 
of penetration. 

Experiments were designed to provide a qualitative 
understanding of miscible displacement in large sand 
bodies. General questions to which answers were sought 
are: (1) can diffusion lead to stabilization of miscible 
displacements in the reservoir? and, (2) under what 
conditions does gravity segregation significantly improve 
the miscible displacement process? 

Scaled models of both homogeneous and stratified 
sands were used to answer more specific questions: 
what are the effects of rate, mobility ratio, and model 
geometry on oil recovery at solvent breakthrough and 
on cumulative recovery after breakthrough? 


SCALING PROCEDURE 

Necessary conditions for scaling laboratory experi- 
ments on miscible displacement processes are as follows. 

1. Model geometry is similar to that of the prototype, 
i.e., the length-to-width ratio, L/W, the length-to-height 
or thickness ratio, L/H and angle of dip, «, must be the 
same in model and prototype. 

2. The boundary and initial conditions in the model 
are similar to those in the prototype, e.g., injection rates 
must be scaled at comparable boundaries. 

3. The ratio of the gravitational to viscous pressure 


kAAp sin a 


gradients is the same; this implies that be the 


same for model and prototype, where k is permeability, 
darcies, Ap is the density difference between oil and 
solvent, gm/cm*, and yp is the viscosity, cp. 

4. The ratio of viscosity of the resident fluid to that 
of injected fluid and dependence of viscosity on concen- 
tration in the mixing zone is the same. 

5. Mixing is of the same importance in the model as 
in the prototype. This implies identity of the scaling 
group, L’/Kt, where the time (t) equivalent to pore 
volumes injected is defined by the scaling group, 


@AL(1 — 
qt 
where S,, is the initial water saturation and L is the 
length of the reservoir. 
6. The microscopic dispersion process in the labora- 
tory is similar or equivalent to that in the reservoir. 
This last requirement is met only when a,u/D is less 
than 0.04, as was shown in the studies of microscopic 
processes. When this condition is met the microscopic 
dispersion is scaled by the L*/Kt group. However, simul- 
taneous scaling of the microscopic dispersion processes 
and the remaining macroscopic parameters is rarely 
possible in models of practical size. The practical ap- 
proach in this dilemma is to reduce the errors from 
unscaled microscopic dispersion by making the labora- 
tory model as large as feasible and using sand par- 
ticles as small as possible, consistent with the macro- 
scopic scaling criteria. In the model the effective dis- 
persion coefficient in the directions perpendicular to 
flow, K,, is less than that in the direction of flow: 
whereas, in the reservoir the dispersion in all directions 
is given by the molecular diffusivity divided by the 
tortuosity. Because of the greater relative importance 
of errors in the transverse directions, the model further 
should be designed to scale the dispersion perpendicular 
to the direction of flow by the groups, H’/K,t and 
W’/K,t, where possible. Although the L*/Kt group 
remains unscaled, length of the mixed zone in the direc- 
tion of flow will be a small fraction of the length of 
a long model and will have a negligibly small effect on 
the model performance. By this procedure behavior in 
the model will thus duplicate the essential features of 
the reservoir prototype. 


INSTABILITY PHENOMENA—FLOW IN 
HOMOGENEOUS SANDS 


APPARATUS AND PROCEDURE 


The channeling of low-viscosity solvents in homo- 
geneous sands was observed in Lucite models. The 
dimensions of the four models used were: % X % X 
¥s X 6 X 18 in. in thickness, width and length, 
respectively. 

Displacements were made for a wide range of both 
fluid viscosity and flow rate. For a given series of experi- 
ments the models were packed uniformly with 20 to 30, 
30 to 70, or 100 to 140 mesh Ottawa sand. To determine 
the uniformity of the packing a displacement using 
equal density-equal viscosity fluids containing dyes was 
conducted. The model was repacked if observations of 
the displacement front disclosed significant permeability 
inhomogeneities or if, in the 6-ft models, the recovery of 
the resident fluid at breakthrough was less than 95 per 
cent. 


The effects of rate, mobility ratio and model dimen- 
sions on the displacement process were investigated with 
equal density fluids to prevent gravity segregation. A 
constant-rate pump was used to inject the solvent. At 
frequent intervals the volume of produced fluids was 
measured and the shape of the displacement front was 
traced on a sheet of plastic. After breakthrough the 
concentration of the invading fluid in the effluent was 
determined from refractive index measurements, 


EXPERIMENTS CONDUCTED 


To investigate the importance of molecular diffusion 


or other mechanisms in stabilizing miscible displace- 
ment, two series of experiments were conducted with 
fluids of equal densities. The first series included dis- 
placements at mobility ratios (invading to resident fluid) 
of 5 and 93 and at several constant rates of flow between 
0.5 and 850 ft/day. In the second series the mobility 
ratios ranged from 1 to 383 with rates of flow between 
20 and 50 ft/day. Data from the several models per- 
mitted evaluation of the effects on recovery of rate, 
mobility ratio, and model size and geometry. 

To determine the importance of gravity segregation in 
minimizing the effects of instability phenomena, a third 
series of experiments was conducted with homogeneous 
sand. This series utilized mobility ratios between 5 and 
40 and rates between 0.5 and 50 ft/day. Density dif- 
ferences between 0.1 and 0.28 gm/cc were used at dip 
angles of 4° and 90°. 


DISCUSSION OF RESULTS IN HOMOGENEOUS SANDS 


Channeling by a solvent of lower viscosity than that 
of the resident fluid was observed in all model experi- 
ments with fluids of equal densities. The dyed solvents 
were observed to form many small fingers near the in- 
jection face, particularly in the models 6- or 24-in. wide. 
A few of these small fingers were then observed to 
grow more rapidly than the others. Typical examples 
of the channels or fingers are shown in Figs. 2 and 3 
for viscosity ratios of 20 and 383 after injection of 0.15 
and 0.10 pore volumes, respectively. Examination of 
the front shown in Fig. 2 for the mobility ratio of 20 
reveals a number of large fingers of apprcximately 
equal lengths and similar shapes. Superimposed on the 
large fingers are smaller protrusions or fingerlets. The 
intrusion of the large fingers sets up pressure fields 
which dictate the gross movement cf the front and can 
result in both lateral and longitudinal movement. Lateral 
growth of a particular finger may be restricted by the 
presence of pressure fields set up by fingers of com- 
parable length or by the lateral boundaries of the model. 
In Fig. 3 the dominant finger which has outstripped the 
adjacent fingers has mushroomed as a result of the lateral 
pressure gradients existing near the end of the finger. In 
the subsequent development of the front this mush- 
rooming continues until restricted by the walls of the 
model. Near the base of the dominant finger the pres- 
sure is lower than in the surrounding region; this leads 
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to a lateral development of the shorter fingers into the 
dominant channel. 

Effect of rate: Fig. 4 illustrates the effect of rate on 
recovery of oil with fluids of equal densities for a 
mobility ratio of 93, in which recoveries at break- 
through for the four models are plotted vs the solvent 
injection rate. The recovery decreased with increasing 
rates in the model 0.5-in. wide but was independent of 
rate in the wider models for rates above 1 ft/day. 
Similar results were obtained for a mobility ratio of 5. 

To interpret the data in terms of behavior expected in 
the reservoir the three 6-ft models can be assumed to 
represent prototype reservoirs 31.2-ft thick and 6,000-ft 
long whose widths are 41.6, 500 and 2,000 ft. If a mole- 
cular diffusivity five times that typical of laboratory 
conditions is assumed for the reservoir, the scaled rate 
of frontal advance in the prototype is 1/200 of the 
laboratory rate in each case. 


In the narrowest model mixing by lateral diffusion 
significantly improved the flooding behavior even at 
reservoir rates of 4.5 ft/day. Fingers of solvent formed 
in the initial stages of the displacement but diffused 
together as the flood progressed, forming a zone of sol- 
vent and oil which graded from pure solvent on one end 
to pure oil on the other. In this zone the gradual vis- 
cosity change minimized the initiation of additional 
fingers by local permeability variations; thus, the dis- 
placement was almost piston-like once the transition 
zone had formed. The higher the rate of flow the 
farther the fingers of solvent penetrated before diffusion 
could become effective. Therefore, longer transition 
zones formed at the higher rates of flow although these 
zones appeared to stabilize and give piston-like dis- 
placements at all rates. The behavior noted in this, the 
narrowest, model verifies the explanation of Offeringa”, 
et al, concerning the stabilization of miscible displace- 
ment in very long laboratory models of small lateral 
dimensions. However, the prototype of this narrow 
model is not typical of any reservoir of practical dimen- 
sions. In the models representing wider, more realistic 
prototypes, diffusion did not produce a stabilized zone, 
and the displacement remained independent of rate. It is 
this behavior which is believed to be descriptive of the 
reservoir. 

Effect of mobility ratio: The dependence of recovery 
on the mobility ratio is shown in Figs. 5 and 6. In Fig. 5 
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the recovery at solvent breakthrough is plotted as a 
function of the mobility ratio. The recoveries at break- 
through in the various models decreased from values 
of over 96 per cent for a mobility ratio of 1 to values 
as low as 13 per cent for a mobility ratio of 383. In Fig. 
6 the cumulative recovery is shown as a function of the 
pore volumes injected, for various mobility ratios (M), 
in the model with a length-to-width ratio of three. While 
early breakthrough of the solvent is obtained when the 
mobility ratio is high, a considerable amount of oil is 
produced after breakthrough. For instance, with a mobil- 
ity ratio of 375, recovery at breakthrough is 14 per 
cent, but recovery after 1.0 pore volumes of injection 
is 45 per cent. 

At higher mobility ratios increased instability causes 
both the breakthrough and cumulative recoveries to de- 
crease. Breakthrough recoveries in this study are in good 
agreement with data published by Henderson”, et al, for 
miscible displacement in a 10 X 1 in. Alundum core. 
With the smaller effective particle size in the Alundum 
core, the fractional length of the microscopic mixing 
zone was estimated to be about one-half that in the pres- 
ent investigation. Recoveries reported by Offeringa”, 
et al, are lower, in general, than those obtained in this 
investigation, particularly for the lower mobility ratios. 
These differences are attributable in part to permeability 
inhomogeneities in the packings used by Offeringa, et al, 
as shown by their breakthrough recoveries of less than 
80 per cent for a mobility ratio of one. The observa- 
tion of these authors concerning the importance of mo- 
bility ratio is confirmed by the present work in more 
homogeneous sands. 

Effect of model dimensions: The recovery was found 
to depend also on the geometry of the model. As shown 
in Figs. 4 and 5, breakthrough recovery decreased with 


| 
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decreasing length-to-width ratio of the model. (For ex- 
ample, for a mobility ratio of 20, breakthrough recov- 
eries were 67, 45 and 35 per cent for length-to-width 
ratios of 144, 12 and 3, respectively.) In the narrow 
model the dominant fingers grow to fill a greater frac- 
tion of the model width and the effects of the lateral 
boundaries are felt early in the displacement. In the 
wider models the influence of the lateral boundaries in 
modifying the pressure fields around the fingers, and 
hence the lateral growth of the fingers, is not felt until 
late in the displacement. The initial sweep efficiency is 
the same for a given mobility ratio in models of all 
widths. This initial sweep efficiency is only slightly 
lower than the efficiency at breakthrough observed in 
the two models whose length-to-width ratio is three, and 
the former is interpreted to be the limiting behavior 
expected in models of homogeneous sand having smaller 
length-to-width ratios. 

Data were also obtained on the two models of dif- 
ferent size having a length-to-width ratio of three. Cumu- 
lative recoveries for mobility ratios of 5 and 93 are 
shown in Fig. 7. These data were averaged from three 
displacements for each mobility ratio and model size. 
The slightly lower recovery at breakthrough in the 
smaller model is attributable to the greater relative 
length of the mixing zone expected from microscopic 
dispersion in the direction of flow. However, the agree- 
ment between cumulative recoveries for the two model 
sizes indicates that the proportionately longer mixing 
zone in the smaller model does not significantly affect 
the macroscopic behavior in this case. In studying other 
cases, particularly in estimating required bank size, 
longer models are preferred because the unscaled mix- 
ing zones may result in serious differences between the 
behavior of the model and reservoir prototype. 

In designing a model to represent a particular reser- 
voir, practical considerations may preclude the use of 
the correct length-to-width ratio. Errors from this source 
may be estimated from the differences in the recoveries 
shown in Fig. 5 for models of different length-to-width 
ratios. 

Effect of gravity segregation: Typical results obtained 
on the stabilizing effect of gravity segregation on the 
miscible displacement process are shown in Fig. 8 for 
flow of the low-viscosity, low-density solvent vertically 
downward in a model containing homogeneous sand. 
Experiments were conducted at five rates for a viscosity 
ratio of five. 

Breakthrough recoveries for the five experiments were 
predicted by projecting the initial rate of growth of the 
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fingers. These recoveries are shown as a function of the 
flow rate per unit cross-sectional area. At rates below 
0.24 ft/day no fingers were observed and piston-like 
(stabilized) displacement of the oil was achieved. At 
higher rates fingers were observed and poorer displace- 
ment efficiencies resulted. With increasing rates the 
projected breakthrough recoveries approach those ob- 
tained for fluids with equal densities. 

According to theory”™” the critical rate below which 
gravity segregation will prevent fingering is given by 


kA 
() 
A critical Ap 


For experiments shown in Fig. 8 the theoretical critical 
rate, 0.2 ft/day, is in good agreement with the experi- 
mental value, 0.24 ft/day. Similar agreement between 
the theoretical and experimental critical rate for a model 
at an angle of dip of 4° was observed. 

For the data shown in Fig. 8 the projected break- 
through recoveries for rates greater than 1.2 ft/day were 
less than 5 per cent greater than for equal density fluids. 
Thus, effectiveness of gravity segregation in improving 
the displacement efficiency decreases rapidly after injec- 
tion rate exceeds the critical rate. 


FLOW IN STRATIFIED SANDS 


The presence of sand strata of different permeability 
in the reservoir causes additional channeling of a solvent 
displacing oil. When two strata of different permeabili- 
ties are in parallel it is evident that the low viscosity 
fluid channels through the more permeable stratum with 
increasing preference. If the permeability of the sand 
varies in a random manner, both laterally and in the 
direction of flow, it is less obvious that channeling will 
increase. While it is impossible to model all the com- 
binations of stratification existing in actual reservoirs, 
it is possible to demonstrate with a few experiments the 
general effects of permeability variations. Two types of 
stratification were studied in this investigation: (1) two 
parallel strata of different permeabilities, and (2) six 
strata whose permeabilities varied with distance in the 
direction of flow. 


APPARATUS AND PROCEDURE 


To investigate the flow behavior in parallel strata hav- 
ing different permeabilities, a ¥% X 6 X 72 in. Lucite 
model was packed with two 3-in. wide communicating 
sand strata. The permeabilities of the two strata, 190 
and 43 darcies, yield a permeability ratio of 4.4. For 
investigation of the second type of stratification a 14 
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< 3 X 72 in. Lucite model was packed with 12 seg- 
ments. Each segment was 6-in. long and contained six 
¥2-in. wide strata. Six sands with permeabilities of 56, 
41, 33, 16, 9 and 6 darcies were arranged in each seg- 
ment so that the permeability of each layer of the seg- 
ment was different from the permeabilities of the cor- 
responding layers in adjacent segments. The permeabil- 
ity distribution of this model is shown in Table 3. This 
model is referred to as the segmented-stratified model. 

Three experiments were conducted with the model 
containing the two parallel strata for mobility ratios of 
1, 4.6 and 75. Three experiments with the segmented- 
stratified model were performed for mobility ratios of 
1, 4.6 and 23.1 with flow rates ranging from 41 to 72 
ft/day. 


DISCUSSION OF RESULTS 


The Lucite models permitted observations of the 
cross-flow between communicating sands of different 
permeabilities. In the two-stratum model the solvent, 
which initially entered the tight sand, crossed into more 
permeable sand near the oil-solvent front advancing in 
the tight sand. This cross-flow increased during the flood, 
by-passing oil in the less permeable stratum. A slight 
tendency for oil in tight sand immediately ahead of the 
front to flow into the coarse sand was observed during 
later stages of flood. For a mobility ratio of one, 88 
per cent of the oil had been displaced after injection of 
2.5 pore volumes of solvent whereas, for mobility ratios 
of 4.6 and 75 and for the same quantity of solvent in- 
jected, recoveries were only 72 and 60 per cent, respec- 
tively. For a model of the same size containing homog- 
eneous sands, 100 per cent recovery is obtained by in- 
jection of 1.5 pore volumes for a mobility ratio of five, 
and 90 per cent recovery is obtained by injection of 
three pore volumes with a mobility ratio of 93. 

Results of similar experiments in the more complex 
system represented by the segmented-stratified model are 
shown in Fig. 9. The cumulative recovery is plotted vs 
the pore volumes of solvent injected. Recoveries at sol- 
vent breakthrough were 76, 63 and 45 per cent for mo- 
bility ratios of 1, 4.6 and 23.1, respectively. Recoveries 
of 98 per cent of the oil were obtained with 1.15 and 
1.76 pore volumes injected for mobility ratios of 4.6 
and 23.1, respectively. 

Because the length-to-width ratio of the segmented- 
stratified model was 24, observations were made of the 
fraction of the oil recovered when the first solvent 
reached the mid-point of the model. This point cor- 
responds to a length-to-width ratio of 12, for which com- 
parable displacement data in homogeneous sands were 
available. Breakthrough recoveries of 62, 43.6 and 26.4 
per cent were determined for mobility ratios of 1, 4.6 
and 23.1, respectively, and are plotted in Fig. 10. 

Examination of the data obtained in the stratified 
models revealed that the recoveries at breakthrough may 
be approximated by an empirical procedure. The break- 
through recoveries obtained for a given length-to-width 
ratio in homogeneous sands are multiplied by the ratio 
of the breakthrough recovery for a mobility ratio of one 


TABLE 3—PERMEABILITY PATTERN FOR SEGMENTED-STRATIFIED MODEL 


Segment 
Layer A B Cc D E F G H | J K L 
1 9.5 33.0 16.2 9.5 41.5 56.0 16.2 41.5 33.0 9.5 33.0 41.5 
2 56.0 16.2 41.5 56.0 16.2 33.0 6.5 16.2 9.5 56.0 6.5 16.2 
3 6.5 41.5 33.0 6.5 33.0 41.5 9.5 6.5 56.0 33.0 41.5 9.5 
4 41.5 6.5 56.0 33.0 6.5 9.5 41.5 56.0 6.5 16.2 56.0 33.0 
5 16.2 56.0 9.5 16.2 56.0 6.5 33.0 9.5 16.2 41.5 9.5 6.5 
6 33.0 9.5 6.5 41.5 9.5 16.2 56.0 33.0 41.5 6.5 16.2 56.0 
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in the stratified model to that for the homogeneous 
model. By this procedure breakthrough recovery vs 
mobility ratio was predicted for both stratified models; 
as shown in Fig. 10 these curves agree with experimen- 
tal data for both the two-stratum model and the seg- 
mented-stratified model. 

The same procedure for approximating breakthrough 
recoveries has been applied to the work of Dear” for 
comparison. Dear’s stratified model consisted of four 
parallel strata of different permeabilities with a length- 
to-width ratio of 6.1. The empirical procedure predicts a 
breakthrough recovery of 30 per cent for a mobility ra- 
tio of 5, and is in good agreement with Dear’s experi- 
mental recoveries of 29.7 per cent without cross-flow 
and 26.5 and 30.3 per cent with cross-flow. 

While this method of correlation is empirical and 
has not yet been tested by a large number of cases, it 
appears to give reasonable approximations to the solu- 
tion of an important, complex, reservoir engineering 
problem. 


INTERPRETATION OF RESULTS OF MACROSCOPIC 
DISPLACEMENT PHENOMENA 

The recoveries obtained in displacing oil from homog- 
eneous sands by low-viscosity solvents having the same 
density as oil are interpreted as representing the maxi- 
mum recoveries obtainable, with injection of low-vis- 
cosity solvent only, in horizontal reservoirs. Two con- 
ditions in the reservoir which lead to poorer recovery 
than that in homogeneous sands are gravity over-riding 
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and channeling through permeable sands. Gravity seg- 
regation can cause the solvent to over-ride the oil, as 
demonstrated by Craig”, et al, and leads to a decrease 
in recovery. At very high ratios of viscous to gravity 
pressure drops the recoveries obtained by Craig, et al, 
would be expected to approach the recoveries obtained 
in this study for similar mobility ratios. Similarly, chan- 
neling caused by permeability variations would lead to 
poorer recoveries. Therefore, in horizontal reservoirs 
being flooded with solvents the recovery at solvent 
breakthrough can be expected to decrease as the mo- 
bility ratio increases, Volume of solvent required for 
complete recovery increases as the mobility ratio in- 
creases. 

Diffusion in the direction of the width of the for- 
mation does not appreciably affect the displacement of 
oil by solvents from the reservoir. This may be inferred 
from the results with fluids of equal density which show 
recovery to be essentially independent of rate in models 
which represent prototypes of realistic width. 

Channeling of a low-viscosity solvent increases the 
size of the solvent bank required. Fingering, channeling 
through permeable strata and gravity over-riding in- 
crease the area of the interface between the solvent and 
the oil through which diffusion can disperse the solvent; 
therefore, the optimum bank size for each particular 
reservoir requires special study. In reservoirs having 
uniform sand with sufficient dip for gravity segregation 
to stabilize the displacement, the optimum bank size 
may be quite small, 3 to 5 per cent of a pore volume. 
In other cases, where channeling is severe, much larger 
banks may be required for optimum recovery. 

In displacing oil down-dip with solvents having low 
viscosities and densities, very high efficiencies can be 
obtained. The critical rate discussed by Hill and Dietz” 
was demonstrated experimentally to represent the upper 
limit of rates for achieving piston-like displacement of 
oil from homogeneous sands. Above rates six times the 
critical rate, recoveries approach those obtained with 
fluids of equal densities as a lower limit. 

A method has been proposed for predicting the re- 
coveries by solvent flooding in stratified sands. Although 
only a limited number of comparisons can be made with 
the available data, good agreement between predicted 
and experimental results was obtained using the em- 
pirical procedure described in this paper. If verified by 
additional testing, this method should greatly facilitate 
the practical treatment of flow in stratified sands. 


The findings of this investigation emphasize the need 
for research on methods of decreasing the effective mo- 
bility ratio of solvent floods in recovery operations where 
gravity segregation is not effective. 


CONEGCEUS TONS 


These conclusions are based on the experimental in- 
vestigations of miscible displacement of oil by a solvent. 

1. In flow through reservoir sands the mixing be- 
tween solvent and oil results principally from molecular 
diffusion. 

2. Channeling and bypassing of oil will occur in 
horizontal reservoirs, even in homogeneous sands. 

3. In horizontal reservoirs recovery at breakthrough 
decreases as mobility ratio increases, and the volume of 
solvent required for complete recovery of the oil in- 
creases as the mobility ratio increases. 

4. Permeability stratification decreases the recovery 
below that for a homogeneous sand. 

5. In reservoirs with adequate permeability and dip, 
gravity segregation can prevent channeling. 
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One phase has been completed of a laboratory inves- 
tigation of formations with relatively high permeability 
under conditions of overburden, formation and mud col- 
umn pressures. The following statements are based on 
these tests within the limitations described. 

Drilling rate decreased when mud column pressure 
was greater than formation pressure. The decrease was 
primarily due to a layer of cuttings and mud particles 
held to the hole bottom by the difference in pressure. 
Much of the force of the bit was wasted in this layer 
and was unavailable for penetrating virgin formation. 

Adequate jet velocities helped clean the filter cake 
and chips away and resulted in increased drilling rate — 
the higher the jet velocity the faster the drilling rate. 

Drilling rate increased slightly when formation pres- 
sure was greater than mud column pressure. The in- 
crease resulted from cleaning the hole bottom as forma- 
tion fluid flowed into the borehole. 

Overburden pressure had practically no effect on drill- 
ing rate. 


Some formations are difficult to drill in a wellbore 
hole but are easily drilled under atmospheric conditions 
in the laboratory. The reasons for this apparent differ- 
ence in drillability are not fully understood. 

An increase in formation compressive strength causes 
a reduction in drilling rate. It has been shown by 
Griggs’, Handin’ and others”* that formation strength in- 
creases under conditions of high hydrostatic stress. Based 
on these results, a decrease in drilling rate would be ex- 
pected with increased drilling fluid pressure in forma- 
tions of low permeability having low formation fluid 
pressure. Such a decrease has been shown by Murray, 
et al’ and Eckel’. This effect holds even when using ni- 
trogen under high pressure as the drilling fluid (unre- 
ported tests from the Hughes laboratory ). 

Poor bottom-hole cleaning may account for decreased 
drilling rates. Even though it may not be easily ex- 
plained, evidence of poor cleaning can easily be seen. 


Original manuscript received in Society of Petroleum Engineers 
office July 7, 1958. Revised manuscript received Nov. 3, 1958. Paper 
presented at 33rd Annual Fall Meeting of Society of Petroleum 
Engineers in Houston, Tex., Oct. 5-8, 1958. 

1References given at end of paper. 
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One evidence is the increased drilling rate that accom- 
panies decreased balling obtained with addition of oil 
in some muds used to drill shales.*** 

Many variables can affect drilling rates. These may 
include mud composition and properties, formation 
properties, bit types and operating conditions, formation 
fluid, mud column and overburden pressures. These 
must be studied a few at a time under carefully con- 
trolled conditions which simulate actual conditions as 
closely as possible. 

The purpose of this work was to investigate effect of 
overburden, formation and mud column pressures on 
drilling rates in permeable formations. These tests were 
suggested by conditions shown in Fig. 1. Represented 
is a borehole drilled into a formation with relatively 
high permeability. In the vicinity of the hole bottom 
there exists a mud column pressure, P,,, a formation 
fluid pressure, P;, and an overburden pressure, o,. The 
mud has low water-loss properties and sufficient weight 
to more than overbalance the formation pressure. Lab- 
oratory investigation included a range with formation 
pressure greater than mud column pressure. 


P,,, mud column pressure = pressure of drilling fluid 
or mud at hole bottom 

P,, formation pressure = pressure of fluid in intersticies 
of formation 
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P,, — P,, differential pressure = difference between mud 
column pressure and formation pressure 

g,, overburden pressure = pressure representing weight 
of overburden 
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Basically the equipment is as described in a previous 
publication’. Fig. 2 shows the modified drilling cham- 
ber constructed for these tests. A 1.25-in. rock bit (1) 
is mounted on a drill stem (2) within the pressure cham- 
ber (3). A specimen (4) is mounted in a special fixture 
(5) which moves vertically. The load between the rock 
and bit is supplied by a hydraulic cylinder (6) acting 
through the rods (7). Formation pressure, P,, is built 
up or bled off to a top area of the core which is sealed 
from the overburden pressure, o,, by means of an O- 
ring. The circulating mud at pressure, P,,, occupies 
the major portion of the drilling chamber. P,, P,, and 
a, are controlled by individual pumps. 


Fic. 2—Pressurizep DRILLING CHAMBER. 
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For the majority of tests tne rock bit had two 5/32-in. 
diameter outside water courses. For the remaining tests 
the rock bit had two 5/64-in. diameter jets. 

Fig. 3 shows the drilling rig assembly including the 
pressure chamber and control board. Circulating pump 
and motor are not shown. 


SPECIMENS 


To approximate pressure to which formations are 
subjected in drilling operations, cores 3.5 in. in diameter 
by 3.5-in. long were prepared with impermeable coat- 
ings over the entire outer area except for small areas on 
each end, as shown in Fig. 4. Fluid pressure acting on 
the coated areas simulated loading induced by over- 
burden. Formation pressure was introduced to the in- 
terior of a core as indicated. Mud column pressure ex- 
isted in the pressure chamber which opened directly 
into the drilled hole. Seals were provided as shown to 
separate the fluids from each other. Separation between 
the mud and formation fluids was effected by the filter 
cake of the mud. 

The specimens were Berea sandstone cores, compres- 


Oo <= Overburden Pressure 
Pr Formation Pressure 

Pry <== Mud Column Pressure 
Pm - Pr Differential Pressure 


Fic. 4—Pressure ConpiTIons on LABORATORY 
SAMPLE. 


‘PETROLEUM TRANSACTIONS, AIME 


re 
_ Fic. 3—Lasoratory Drittinc EQuipMENT 
7 
. 
mit 
= 


sive strength of about 2,500 psi and air permeability of 
150 to 450 md. An impermeable coating was applied to 
the dry core. The cores were saturated by evacuation 
with a vacuum pump in a pressure vessel for two 
hours, then put under water and pressurized to 2,500 
to 3,000 psi for 10 hours. 

Limited tests were made using Indiana limestone. 
Permeability was 8 to 10 md and compressive strength 
was approximately 4,750 psi. 

One test was made using Austin limestone with com- 
pressive strength of approximately 1,800 psi. This core 
did not have the impermeable outer coating. Permea- 
bility was not determined. 


Test procedures were designed to investigate effects 
of pressure ranges rather than to duplicate specific con- 
ditions. Test results were obtained with overburden 
pressures of 2,000; 4,000; 6,000; 8,000 and 12,000 psi. 
The 6,000- and 8,000-psi overburden pressures were 
tested thoroughly. For each, mud column pressure was 
varied from 0 to 1,000 psi less than overburden pres- 
sure. For each mud column pressure, formation pres- 
sure was varied from 0 psi to a value equal to the mud 
column pressure. 

Separate tests with formation pressures greater than 
mud column pressures were made. The flow rate of the 
formation fluid into the hole was measured for reasons 
given later. 

Lime-base muds were used. Composition and proper- 
ties are listed in Tables 1 and 2. Mud No. 3 with 10 
per cent oil and 7-cc water loss was used unless other- 
wise indicated. 

Each plotted point represents an average of four or 
more individual tests. 

Bit operating practices were as follows unless speci- 
fied otherwise in the specific test: (1) rotary speed, 50 
rpm; (2) bit weight, 1,500 lb; (3) flow rate, 6 gal/min; 
and (4) two water courses, 5/32-in. diameter. 


ORATORY LHST RESULTS 


EFFECT OF Mup COLUMN AND FORMATION 
PRESSURE ON DRILLING RATES 


Drilling rate is plotted as a function of mud column 
pressure with formation pressure as a parameter in Figs. 
SA and 6A for 6,000- and 8,000-psi overburden pres- 
sures, respectively. These same data are shown in Figs. 
5B and 6B with drilling rate as a function of differen- 
tial pressure between mud column pressure and forma- 
tion pressure for a range where P,, > P,. These data 
indicate that (1) drilling rate is dependent on the dif- 


TABLE 1—MUD COMPOSITION USED IN PRESSURE DIFFERENCE TESTS 


Mud 1 Mud 2 Mud 3 
Bentonite, Ib/gal water 
Caustic, |b/gal water .05 .05 
Quebracho, Ib/gal water a 
Lime, Ib/gal water 12 
Starch, Ib/gal water .07 
Diesel oil per cent by volume — 10 10 


TABLE 2—MUD PROPERTIES USED IN PRESSURE DIFFERENCE TESTS 


Mud 1 Mud 2 Mud 3 
Weight, !b/gal 8.5 8.6 8.6 
Fann: 
PV, cps 6.0 10.0 14.0 
AV, cps 5.0 10.5 15.5 
YP, !b/100 ft? 1.0 1.0 3.0 
Gels, Ib/100 ft? 0-1.0 1.0-6.0 1.0-6.0 
Filter, 30 min cc 18 14 Za 
Filter cake, No. of 1/32 in. 4 4 3 
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ference between mud column and formation pressures, 
and (2) drilling rate is independent of mud column 
pressure provided the difference between mud column 
pressure and formation pressure is constant. 
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Increased differential pressure results in decreased 
drilling rate. The rate of change in drilling rate is par- 
ticularly large at low differential pressures. 

Fig. 7 shows drilling rate as a function of the pres- 
sure difference, P,, — P, in Indiana limestone. Results 
are similar to those obtained in Berea sandstone. Bit 
weight was 1,000 Ib at 50 rpm. 

Drilling rate is shown in Fig. 8 as a function of 
the flow rate of formation fluid into the drilled hole. 
This condition resulted with P, > P,. Berea sandstone 
Types A and B indicate cores from two different quarry 
blocks. Results indicate drilling rate increased slightly 
with increased flow rate. Flow rate was plotted rather 
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than differential pressure because the pressure drop was 
not concentrated across a filter cake. For these tests the 
formation fluid entrance was enlarged to accommodate 
a larger fluid flow rate into the hole. A flow rate of 
280 cc/min required 1,000- to 4,000-psi pressure dif- 
ference depending on formation permeability and depth 
of hole in the formation. 

Formation fluid flowing into the drilled hole helped 
carry cuttings away from the hole bottom and prevented 
formation of a filter cake. Fig. 9 shows a contrast be- 
tween the hole wall condition drilled with (1) mud col- 
umn pressure greater than formation pressure and (2) 
formation pressure greater than mud column pressure. 
The dark area resulted when drilling with mud pres- 
sure greater than formation pressure. Mud _ particles 
were forced into the wall by the high mud column pres- 
sure. The clean area was drilled with the formation 
fluid flowing into the hole. 


EFFECT OF CLEANING AT THE BIT 

Rapid decrease in drilling rate (shown in Figs. 5B, 
6B and 7) appears to be primarily a result of increased 
cleaning problems. Using a bit with 50 ft/sec velocities 
through outside water courses and a large difference be- 
tween mud column and formation pressures resulted in 
a condition similar to that shown in Fig. 10. The large 
pressure drop across the filter cake caused it to act as a 
trap holding cuttings against the hole bottom. The cut- 
tings and filter cake served as a cushion between vir- 
gin formation and bit, reducing effectiveness of the bit 
action. 

Although the tooth height of the 1.25-in. rock bits 
is small compared to field bits, the reduction in drill- 
ing rate is similar. For instance, a 6.75-in. OSC bit 
drilling Berea sandstone with 500-psi pressure difference 
resulted in a 50 to 60 per cent decrease in drilling rate. 

Limited tests were made with comparable pressure 
differences to those shown in Figs. 5B and 6B but utiliz- 
ing jet bits with fluid velocities of 215 and 275 ft/sec 
(see Fig. 11). At a constant pressure differential a 
large increase in drilling rate resulted with increased 
jet velocities. For instance, with P, — P, = 2,000 psi, 
drilling rate with 275 ft/sec was about seven times that 
obtained with 50 ft/sec and two times that obtained 
with 215 ft/sec. Fewer cuttings were found trapped un- 
der the filter cake, thus reducing the cushion thickness. 


DRILLING UNCONSOLIDATED SAND 


Unconsolidated sand can be difficult to drill. A speci- 
men of sand was mounted in a steel cylinder and com- 
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pressed with 5,000 psi. It was then mounted so that the 
mud cake was acting on all surfaces except one end 
which was exposed to atmospheric pressure. With 50 
ft/sec fluid velocity, 50 rpm and 2,000-Ib bit weight, 
drilling rate varied as shown in Fig. 12. With 5,000-psi 
pressure difference (P,, — P, = 5,000 psi) drilling rate 
was about equal to that in hard dolomite drilled with 
equal bit weight, rpm and cleaning conditions. Fig. 13 
shows a drilled sand sample and some loose sand taken 
from the same lot used to make the sample. Pressures 
and mud influx were sufficient to consolidate this sam- 
ple enough to hold its shape after drilling. Other sam- 
ples were delicate and fell apart before they could be 
photographed. 

With a jet velocity estimated at 300 ft/sec and a pres- 
sure difference of 3,000 psi, drilling rate in one sand 
specimen was 50 ft/hr. This compares with 2.5 ft/hr 
obtained in sand reported in Fig. 12. 


FILTER CAKE FORMED WITH WATER 


A drilling rate test was made with one Austin lime- 
stone core using water with a rust inhibitor as fluid. The 
permeability was not measured but was sufficient to 
allow the drilling fluid to pass through the core easily. 
During drilling, however, water no longer passed easily 
trom drilled hole into formation. Apparently action of 
the bit teeth compressing the formation into its own 
pores or a deposit of the formation cuttings formed an 
effective filter cake. Possibly both conditions existed. 
With 500-lb bit load and 50 rpm, Austin chalk drilled 
18 ft/hr with P,, — P, = 0, compared to 0.36 ft/hr with 
psi. 


EFFECT OF OVERBURDEN PRESSURE 
ON DRILLING RATES 


There is an indication in Fig. 5A that for zero pres- 
sure difference drilling rate increased as mud column 
and formation pressures approached the overburden 
pressure. As an example, for P, = P,, = 4,000 psi, drill- 
ing rate was 14 ft/hr compared to 10.5 ft/hr for P, = 
P, = 1,000 psi. Since this trend did not show up in the 
results shown in Fig. 6A, and other unpublished results, 
it is believed that this resulted from experimental error. 

=0 
An error of P,, — P; = 0+ 100 results in a marked 
variation in drilling rate. 

A second series of tests was run to determine the 
effect of overburden pressure on drilling rate using test 
conditions as follows. 
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Pm — Ps = 2,000 psi 
do Pm Py do Pm Py 
__(psi) (psi) (psi) (psi) (psi) (psi) 
8,000 7,000 7,000 8,000 7,000 5,000 
6,400 5,000 5,000 6,000 5,000 3,000 
4,000 3,000 3,000 4,000 3,000 1,000 
2,000 1,000 1,000 2,000 2,000 0 


A plot of the results is given in Fig. 14. Under these 
conditions overburden has little or no effect on drilling 
rate. 

These tests demonstrate that co, has no effect on drill- 
ing rate if P,, — P, is held constant and if P, and P, 
are varied as tabulated. The question remains, “What is 
the effect of variations in o, if P,, and P,; are held con- 
stant?” Work is in progress to answer this. The results 
obtained to date indicate that the effects of overburden 
pressure on drilling rate in Berea sandstone are negligi- 
ble compared to the effects of the pressure differential 
where mud is used as the drilling fluid. 


EFFECT OF PERMEABILITY VARIATIONS 
ON TEST RESULTS 


Permeability of the Berea sandstone varied from about 
150 to 450 md. To determine the effect of this varia- 
tion on test results, two groups of cores were selected. 
One group had a permeability range of 175 to 225 md, 
while the second group ranged from 375 to 425 md. 
Tests indicated no difference in drilling results between 
the two groups. 

Three different muds, 1, 2 and 3 of Table 1 were 
used. Compositions are given in Table 1; properties in 
Table 2. Water-loss values were 18, 14 and 7 cc. No 
measurable difference in drilling rates occurred with 
these variations of mud. 


PRESSURE Drop ACROSS FILTER CAKE 


One simple experiment was made to determine the 
pressure drop across the filter cake. A Berea sandstone 
core was coated on the cylindrical surface and on the 
outer 0.5 in. of one end. A 2.5-in. diameter uncoated 
area remained. The uncoated end was exposed to mud 
pressure and the partially coated end was exposed to the 
atmosphere. With 5,000 psi, 0.3 cc/min filtrate loss re- 
sulted. The filter cake was carefully wiped away so as 
not to disturb mud particles that were pushed into the 
core. Water was pumped through at approximately the 
same rate as allowed by the filter cake; a pressure of 
about 50 psi was required. Five thousandths of an inch 
was removed from the end of the core and 0.3 cc/min 
water was again pumped through. This time 2 psi was 
required. For all practical purposes the major portion 
of the pressure drop in these tests occurred across the 
filter cake. 
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POSTULATION OF IDEALIZED MODELS 


The importance of cleaning the hole bottom has been 
demonstrated adequately by these test results. To clarify 
some of the reasons for poor bottom-hole cleaning the 
following discussions will be limited to formations with 
extremes in permeability, i.e., high permeability and low 
permeability. 

A formation with high permeability is assumed to 
allow relatively free movement of formation fluid with- 
in the formation. Also, permeability of the formation 
is assumed to be large compared to permeability of a 
filter cake deposited on the surface of the formation. 
With mud column pressure larger than formation pres- 
sure, most of the pressure difference would occur across 
the filter cake deposit. To get at the bottom a rock bit 
tooth must penetrate the layer of filter cake particles. 
With a high pressure drop across the filter cake we as- 
sume the cake would heal almost instantly if disturbed. 
The chip formed by the tooth would be held down by 
the filter cake. The tooth would withdraw and the filter 
cake reheal itself leaving the chip trapped. In time the 
tooth could not reach unbroken formation and the bit 
would simply turn on a cushion of chips. 


Adequate jets would clean the filter cake and chips 
away, reducing the cushion thickness, allowing the bit to 
get to new formation. Without chips, particles from the 
mud at or near the rock surface would form a cushion. 
In some instances it is probable that cuttings alone are 
enough to form an effective filter cake. 


The increase in compressive strength observed by 
Griggs’ and others”** resulted from measurements on 
specimens having an impermeable coating of thin brass 
or plastic. Where mud column pressure is greater than 
formation pressure, a similar jacket consisting of the 
filter cake exists. It is probable that the lattice work of 
the formation supporting this pressure difference is 
strengthened in proportion to the pressure difference be- 
tween mud column and formation pressures.* This 
strengthening will result in slower drilling rates. The 
reduction due to strengthening of the formation under 
these conditions is probably small compared to effect 
of cleaning. 

Consider the difference between loads holding a chip 
in place in a formation with high permeability and in 
a formation with low permeability. With very little fil- 
trate loss through the mud into the highly permeable 
formation, the force holding the chip in place ap- 
proaches P,, — P, X area of the chip and remains con- 


*See discussion by John Handin at the end of paper. 
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stant with time. For the very low permeable formation 
the force holding the chip in place can approach P, 
area of the chip until enough drilling fluid enters the 
crack to equalize the pressure. This is evident if the 
formation has a permeability sufficiently low to prevent 
flow of the formation fluid into a crack beneath a newly 
formed chip. In other words, the formation fluid is im- 
mobile and’ trapped during the time required for chip 
removal. This assumption means that formation pressure 
is unimportant as far as chip removal is concerned. 

A chip from a formation with low permeability held 
in place by drilling fluid pressure would have a better 
chance of removal in a fluid that could quickly enter 
the crack and equalize the pressures. Quick removal of 
the chip reduces the chances of recutting the chip. If 
the drilling fluid were a mud, a filter cake would retard 
flow into the crack allowing the pressure of the drilling 
fluid to hold the chip in place longer. Possibly the higher 
the pressure, the more chips would be held to bottom, 
resulting in more recutting and reduced drilling rates. 
Jets would help clean away the filter cake barriers re- 
ducing time required for the filtrate to balance out the 
pressure. 

Reported tests”® show that drilling rates in formations 
with low permeability and low formation pressure de- 
crease with increased mud column pressure. A portion 
of the reduced drilling rate probably was a result of 
poor cleaning. 

Additional problems in cleaning exist which are not 
discussed here. Different types of muds having approxi- 
mately equal densities have a marked influence on drill- 
ing rate—we theorize that this is partly related to their 
effectiveness in cleaning the bottom of the hole. 


FIELD EVIDENCE 


Field reports from West Texas indicate there are oc- 
casions when use of clear water improves drilling rate 
compared to use of dirty water. This is assumed to be 
due partially to the additional solids in the water caus- 
ing a faster build-up of a “filter cake” with a resulting 
decrease in drilling rate. 

Field reports from Louisiana indicate there are some 
sands or sandy shales that are difficult to drill. On one 
occasion a formation was encountered below 15,000 ft. 
The mud weight was about 18 Ib/gal and the jet bit had 
three 5g-in. diameter nozzles. At this depth the pump 
horsepower was insufficient for good jet velocities 
through the large nozzles. The cutting structure of the 
bit was worn out after only a few feet of hole at a 
very slow drilling rate. A sample of the formation was 
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found to be a very permeable sandstone no stronger than 
the Berea sandstone used in our laboratory tests. As- 
suming that a very high difference in pressure existed 
between the mud column and formation pressures, a 
cushion of cuttings probably resulted which the bit was 
unable to penetrate. The cutting structure of the hard 
formation bit was cut away by the sharp sand in the 
cushion. Reducing the mud weight as much as possible 
and increasing the jet velocities probably would have 
resulted in faster drilling rates and more bit footage. A 
softer formation bit with more tearing action might 
have helped. 


PREVIOUS LABORATORY RESULTS 


The effect of differential pressures on drilling rate is 
much greater with P,, > P, in our tests than those re- 
ported by Eckel’. The difference probably is a result of 
the drilling fluids used. Eckel’s tests were made using 
water for the drilling fluid which may have resulted in 
a gradual pressure drop from the hole through the for- 
mation. No pressure difference was concentrated across 
a blanket of mud particles tending to trap cuttings. 


WHERE LARGE PRESSURE DIFFERENCES May EXxIstT 


Following are a few instances where large differences 
between mud column and pore pressures might exist: 
(1) drilling any formation that has been previously pro- 
duced and depleted or partially depleted, (2 drilling 
formations in areas where less than normal pressure 
gradient conditions exist, and (3) drilling one forma- 
tion having abnormally high pressures requiring a high 
weight mud and later a secondary formation with nor- 
mal pressures”. 


The following conclusions are based on laboratory re- 
sults where mud column pressure is greater than forma- 
tion pressure. Equivalent field conditions should yield 
similar results. 

1. Drilling rate is dependent on the difference be- 
tween mud column and formation pressures. 

2. Drilling rate is independent of mud column pres- 
sure provided the difference between mud column pres- 
sure and formation pressure is constant. 

3. Formation of a layer of cuttings at the drilled 
surface causes recutting of cuttings by the bit. 

4. Improved cleaning helps remove this layer of cut- 
tings allowing the rock bit teeth to penetrate relatively 
undamaged formation. Higher pressure differences re- 
quire higher jet velocities. 

5. Unconsolidated sand can be difficult to drill under 
high pressure differences. 

6. Solids picked up from drilled formations may 
form a layer capable of slowing drilling rates noticeably 
if compared to rates obtained using very clear water. 

7. Improved drilling rates will result with increased 
jet velocity and decreased pressure difference. 

If formation pressure is greater than mud column 
pressure a slight increase in drilling rate results from 


cleaning by the formation fluid flowing into the hole. In 
no case did drilling rate decrease. 

The effects of overburden pressure on drilling rate in 
Berea sandstone are small compared to the effects of 
the differential pressures where mud is used as the 
drilling fluid. 

Extreme caution should be used in extrapolating these 
test results to formations with widely different physical 
properties. For instance, work is needed to investigate 
drilling rates in formations having permeabilities much 
less than that of Berea sandstone. 
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APPENDIX 


MISCELLANEOUS NOTES 


Permeability measurements were made with the 
specimens dry and uncoated. A special core adapter was 
provided with a Ruska permeameter. The impermeable 
coating was applied to the dry core. After curing, the 
core was saturated. 

The impermeable coating was type A-3 glue with 
activator A from Armstrong Products Co., Warsaw, Ind. 
This requires oven curing for one hour at 140° F or 
air curing for 24 hours. 

Berea sandstone was obtained from a quarry near 
Amherst, Ohio. 


DISCUSSION 


JOHN HANDIN 


The authors mention the possibility that high forma- 
tion pressure enhances the drilling rate partly because of 
a reduction of rock strength. To treat this problem fur- 
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ther we utilize the concept of “effective stresses” bor- 
rowed from soil mechanics.’ 


1References given at end of discussion. 


100,000 
| @ DRY © P, = 29000 
| 
| A Pe =29,000 (EXTENSION) be 


| 
Pp 27250 


=10,000+2.8 


psi 


60,000 


MAXIMUM STRESS, Oj 


40,000 4 
p.+ AO 
p al 
p, =21,700 \ 


10,000 20,000 30,000 
MINIMUM STRESS, Psi 


Fic. 1—Maximum vs Minimum Errective Principal STRESSES 
AT THE ULTIMATE STRENGTH OF BEREA SANDSTONE IN TRIAXIAL 
ComPRESSION AT TEMPERATURE. 


Consider a dry, jacketed, cylindrical, triaxial compres- 
sion specimen under an external (confining) pressure, 
P-, and a superimposed longitudinal compressive stress, 
Ao. Let o,, o, and o, designate the maximum, interme- 
diate and minimum principal stresses, respectively when 
compressive stresses are taken positive. Then, 

0, = 03 = P., 01 = o; + Ao = p, + Ac. 

Now suppose that an internal (pore or interstitial) 
pressure, p,, 1S applied as shown in the inset of Fig. 1. 
Then, 


and 
o,=S,— p, =S,+ Ao — p, =Ao + (p.— py); 
where S,, S, and S, are the total principal stresses; o,, 


o, and o, are the effective principal stresses; and (p, — 
Pp) is the effective confining pressure. We simply sub- 
tract the pore pressure from the normal stresses across 
the boundaries of the specimen. 

In order to test this concept as it may apply to the 
deformational behavior of consolidated rocks under high 
pressures, we have conducted about 100 experiments on 
dolomite, limestone, sandstone, shale and siltstone under 
confining and pore pressures of 0 to 30,000 psi, at 
temperatures of 24 to 300°C and at a constant strain of 
| per cent per minute, Distilled water was used as the 
interstitial fluid. Pore pressure was maintained constant 
throughout an experiment (a “drained” test in usage of 
soil mechanics) and the specimen void-volume change 
was determined as a function of strain. Stress-strain and 
porosity-strain diagrams were constructed for each speci- 
men and plots of maximum vs minimum effective prin- 
cipal stress at ultimate strength (maximum ordinate of 
the stress-strain curve) were made for each rock. 

From these tests we conclude that the effective stress 
concept adequately explains the influence of pore pres- 
sure upon the behavior of rocks under the experimental 
conditions imposed, provided the following conditions 
are in order. 


1. The interstitial fluid is inert relative to the con- 
stituents of the rock so that the effects are purely me- 
chanical. 

2. The rock is an aggregate so constituted that the 
pore pressure is fully effective; that is, the configuration 
of the void space is such as to insure that the hydrostatic 
pore pressure is transmitted fully throughout the solid 
phase. 

3. The permeability is sufficient to allow pervasion 
of the fluid, and furthermore, to permit the fluid to 
flow freely during the deformation so that the pore 
pressure remains constant and uniform throughout the 
aggregate. 

When these conditions are met, the pore pressure is 
fully effective in reducing both strength and ductility 
(here defined merely as the ability to undergo a large 
permanent deformation without fracture). Thus, the 
stress-strain curve for a dry rock compressed at p. = 
15,000 psi is practically identical with that of the satu- 
rated rock at p, = 30,000, and p, = 15,000. The effec- 
tive confining pressure is the same in both instances. To 
a good approximation pressure and temperature effects 
can be superimposed so that these test conditions real- 
istically simulate depths in the earth to about 30,000 ft. 


Fig. 1 shows the effective principal stress relation at 


ultimate strength, og, = 10,000 + 2.8 o,, for Berea sand- 
stone, the same rock tested by the authors. This rela- 
tion is very nearly independent of pore pressure; that 
is, the strength is a function of effective confining pres- 
sure. (Temperature effects on this rock are negligible.) 

Interstitial pressure also strongly influences porosity 
changes and deformation mechanisms, the study of 
which enhances our understanding of why internal fluid 
pressure is effective. For example, the porosity of dry 
Berea sandstone is reduced from 20 to 16 per cent by a 
20 per cent shortening at p. = 30,000 psi. The reduc- 
tion becomes less as pore pressure is raised until at p, = 
18,000 to 24,000 psi the void-volume remains constant. 
Above 24,000 the rock appears to be dilatant; the po- 
rosity increases. Now these phenomena are directly re- 
lated to the degree of grain breakage. At p, < 15,000 
the internal friction is high, grain breakage is general 
and the deformation tends to be distributed uniformly 
throughout the rock. At p, = 24,000 the deformation 
tends to concentrate along narrow, localized shear zones 
to which grain fracturing is restricted. At p, = 27,000 
some shortening proceeds along one narrow macroscopic 
shear zone (fault), but most is due to intergranular re- 
adjustments which can now occur readily because of 
very low friction. One can say crudely that the inter- 
nal fluid is in effect “cushioning” the grains. When p, = 
p. there is no fracturing or faulting whatever. The ag- 
gregate is closely packed initially, and since the deforma- 
tion is accomplished entirely by intergranular move- 
ments, the void volume must increase. 


In the light of this information we can expect the re- 
duction of strength to be explainable at least qualita- 
tively on the basis of Coulomb friction. The shearing 
stress at ultimate strength will then be 

no, 
where 7, is cohesive resistance (small in most sedimen- 
tary rocks), n is coefficient of internal friction, and a, 
is effective normal stress. As p, increases, c, decreases, 
the frictional term becomes less important and the total 
shearing resistance to failure is lowered. The Mohr en- 
velope curves for ultimate strength are in fact identical 
for dry and saturated Berea sandstone. The centers of 
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the Mohr stress circles are merely shifted toward the 
origin by an amount equal to the magnitude of the 
pore pressure. 

In our experience all porous rocks with sufficient per- 
meability behave much as just outlined. Our results are 
at least qualitatively consistent with those reported in 
soil mechanics literature from tests on loose aggregates 
at pressures of a few tenths of psi, with those obtained 
by D. McHenry on concrete at pressures of about 1,500 
psi, and with those of L. H. Robinson on rocks up to 
15,000 psi.*** 

Confining pressures of only a few thousand psi can 
raise the ultimate strengths of rocks several-fold above 
their crushing strengths at atmospheric conditions. Loose 
sand becomes as strong as a consolidated sandstone.”** 
At a given confining pressure the pore pressure tends to 
reduce strength and ductility, and hence the area under 
the stress-strain curve which is proportional to the en- 
ergy expended in breaking a rock. From the standpoint 
of conventional drilling it is therefore desirable to lower 
the effective confining pressure as much as possible. In 
the vicinity of the bit we can probably substitute mud 
column pressure for confining pressure and formation 
pressure for pore pressure. Accordingly, high formation 
pressure should be favorable to drilling. The most fa- 
vorable situation occurs when the drilling fluid can in- 
vade the formation so that p. — p, = 0. In this event the 
properties of the rock are very nearly the same as those 
at the surface where the material is, of course, weak and 
brittle. 

One can decrease the effective pressure by reducing 
the weight of the drilling fluid, preferably by using air 
if the situation permits. Here, there may be an added 
advantage in that the formation pressure exceeds the 
borehole pressure, and this condition ought to favor chip 
removal quite apart from the advantageous properties 
of the air. If drilling mud must be used, the bottom of 
the hole ought certainly to be kept free of a filter cake, 
if possible. The internal pressure in a permeable rock 
in the vicinity of the bit will then be about as high as 
the mud pressure. The effective confining pressure and 
hence the strength of the tormation will be low. Also 
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there will be little pressure differential across the bot- 
tom of the hole and therefore, little tendency to inhibit 
chip removal. Abnormally high formation pressures, re- 
quiring the use of very heavy muds, lead to difficulties 
with blowouts and lost circulation, but should not hinder 
drilling in the sense of this discussion because the effec- 
tive pressure in the rock and the pressure drop across 
the exposed rock surface are both very low. 


We agree with the authors that the adverse influence 
of high effective pressures on drilling rates is due partly, 
perhaps mostly, to ineffective cleaning which results in 
the trapping and recutting of chips. We agree also that 
the relative importance of the effects of chip removal 
and augmented strength has not yet been ascertained. 


Once a chip is formed it can be removed only if the 
drilling fluid has access to the fractures. If the effective 
pressure is high the surfaces of the fractures are pressed 
tightly together even though the cohesive resistance of 
the rock has been overcome. Now the void volume in- 
crease in a localized zone of failure results in a local 
drop of formation pressure. If the permeability of a 
rock is low and the rate of deformation high, the effec- 
tive confining pressure is likely to be high in the neigh- 
borhood of the fractures, regardless of the initial value 
of the formation pressure. Drilling tests on relatively 
impermeable rocks are needed. 
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Effect of Unsteady-State Aquifer Motion on the Size of 
an Adjacent Gas Storage Reservoir 


D. L. KATZ 

M. R. TEK 
MEMBERS AIME 
K. H. COATS 


AGB 


In natural gas storage operations, seasonal pressure 
fluctuations in the gas reservoir cause the water from 
the surrounding aquifer to flow into and out of the gas 
sand. The theory of unsteady-state liquid flow through 
porous media developed by Van Everdingen and Hurst’ 
has been applied to predict the water movement into 
and out of the gas bubble for several postulated pres- 
sure cycles. Those cycles with as many pound-days 
above the original aquifer pressure as pound-days be- 
low, may cause the gas reservoir to slowly grow or 
shrink rather than hold to a constant volume. Applica- 
tions to an actual field case study give the predicted gas 
reservoir monthly pressures and volumes as compared 
with the observed monthly pressures and volumes. 


@) IBY EW INI 


A large number of natural gas storage reservoirs are 
bounded by or adjacent to large water-saturated forma- 
tions called aquifers. The presence of these aquifers is 
usually evidenced by the production of water from wells 
delineating the gas-bearing sands. Some gas storage res- 
ervoirs in use today have been purposely developed on 
aquifers. 


Cyclic pressure variations in a gas storage reservoir 
cause water influx and efflux from the surrounding aqui- 
fer. This, in turn, results in a varying gas reservoir vol- 
ume. The prediction of the effect of this aquifer fluid 
movement on the size and size variation of the gas res- 
ervoir can provide information valuable in the study of 
several reservoir engineering problems. The economics 
of gas storage operations are directly influenced by the 
influx of aquifer fluid into the reservoir since a shrink- 
ing storage reservoir requires increasing pressures for 
the storage of the same quantity of gas. Material bal- 
ance and reserve or recovery calculations also obviously 
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require knowledge of reservoir volume. Various other 
reservoir engineering calculations such as interpretation 
of well interference data, evaluation of physical charac- 
teristics of porous media, water coning, gas injection 
and pressure maintenance studies are typical problems 
where variations of volume due to edge or bottom-water 
encroachment becomes important. 

The solution of equations describing influx and ef- 
flux of water in the gas sand, application to gas storage 
reservoir behavior and interpretation of results are the 
main objectives of this paper. While this work was di- 
rected toward gas storage reservoirs, it applies equally 
well to repressuring of partially depleted oil reservoirs 
with an active water drive. 


MATHEMATICAL ANALY Sits 


As just mentioned, the cyclic pressure variations in 
an aquifer-surrounded gas storage reservoir cause water 
movement and varying gas reservoir volume. Prediction 
of this volume variation from the reservoir pressure 
cycles or the injection-production schedule requires 
adoption of a flow model, certain assumptions concern- 
ing reservoir and fluid properties, and formulation and 
solution of the governing differential equation. 

The flow model used in this study is a gas bubble lo- 
cated on a very large aquifer (Fig. la). Gas bubble ra- 
dius and aquifer sand thickness are denoted by r, and 
h, respectively. Fig. 1b shows the horizontal, radial two- 
dimensional porous reservoir attended by the unsteady, 
compressible motion of the aquifer liquid. Volume varia- 
tion of the gas bubble is determined from aquifer water 
flow across the cylindrical boundary, r = 1. 


] 

Gas Bubble 
| 


x 
lo 1b 


Fic. 1 — RepreseNTATION OF FLrow Mopet AssuMED FOR 
CALCULATIONS. 
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The following assumptions are made or implied con- 
cerning the flow, formation and fluid properties: (1) 
uniform porosity and permeability throughout the res- 
ervoir; (2) single phase, isothermal, radial, unsteady- 
state liquid flow; (3) negligible gravity and capillary ef- 
fects; and (4) uniform pressure throughout gas bubble. 

Eq. 1 is the partial differential equation governing 
liquid flow through porous media consistent with the 
model and assumptions. 

or r or k ot 
The derivation of this equation appears in the litera- 
ture”** and is not repeated here. The variable substitu- 
tions, rp =r/r,, dimensionless radius, pp = p, — Pp, pres- 
sure drop, and tp = kt/udcr*,, dimensionless time, modi- 
fy Eq. 1 to give, 

1 Ops 

Initial and boundary conditions are expressed as fol- 
lows. 


The initial and boundary conditions (Eqs. 3, 4 and 
5) simulate a gas bubble on a very large aquifer as 
shown in Figs. la and 1b with uniform initial pressure, 
p., throughout the gas bubble and aquifer, and with 
a time dependent pressure condition maintained through- 
out the gas bubble. 

If the boundary condition (Eq. 4) is approximated 
by a step function as shown in Fig. 2, then the super- 
position principle allows the solution to Eq. 2 to be 
written, 

W,, = + Ap; 
Ap:Q.,-t) + --- + ©) 
where tp, = iAtp and tp = kt/yd¢cr,’. 

Steps involved in obtaining Eq. 6 as the solution to 
Eq. 2 for the given boundary conditions are developed 
in detail by Van Everdiigen and Hurst’ in treatment 
of their “constant terminal pressure” case of unsteady- 
state, compressible liquid flow through porous media. 
Values of Q,, are tabulated in the literature’’ for a 
wide range of of dimensionless time values. 

Eq. 6 gives values of W,, corresponding to the step 


function approximated boundary condition rather than 
to the actual boundary condition shown in Fig. 2. These 
values will correspond more closely to the actual boun- 
dary condition as size of the time increment, At, is de- 
creased. 


DESCRIPTION OF DiGITAL METHOD 
An IBM-650 digital computer program was written 
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to accept as data values of ¢, c, r, and h, a table of 
Q,, values, a series of Ap,, Ap,, Ap.,... values approxi- 


mating the boundary condition (Eq. 4), to calculate 
W, from Eq. 6 and punch out values of V/V, = (V, — 
W.)/V, corresponding to t = At, 2At, 3At,.. nAt. Writ- 
ten in standard Perlis Compiler* language, the program 
consisted of approximately 400 instructions when trans- 
lated into machine language. 


PREDICTED VOLUME CHANGES OF GAS 
BUBBLE FOR IDEALIZED PRESSURE CYCLES 


In operation of gas storage reservoirs the average 
pressure of the gas sand usually fluctuates between a 
low value corresponding to high seasonal demand and a 
high value corresponding to gas injection during a per- 
iod of low seasonal demand. Adoption of a production- 
injection pressure cycle having an equal number of 
pound-days above and below discovery pressure is com- 
mon practice in the operation of gas storage fields. 

Following are some important questions concerning 
the relationship of the gas field pressure cycle and the 
aquifer fluid movement. For the same number of gas 
field pound-days above and below discovery pressure 
and at the end of one or several complete cycles, does 
gas reservoir volume return to original or discovery 
value? Is there a definite phase difference between the 
time of change in the reservoir pressure and the time 
corresponding to the response in the aquifer movement? 
How does shape of the gas field pressure-time curve af- 
fect movement of water? Does the time at which a gas 
reservoir is converted from production to storage opera- 
tions appreciably affect the size or subsequent size varia- 
tion of the gas reservoir? Answers to these and other 
important questions can best be obtained by simulating 
some idealized cases by digital computations based on 
the equations already mentioned. 

Fig. 3 portrays the effect of the amplitude and dura- 
tion of the pressure drawdown portion of the gas stor- 
age pressure cycle on the magnitude and variation of 
the relative size or volume ratio, V/V,, of the reser- 
voir. Each of the three pressure cycles has a period of 
one year and has an equal number of pound-days above 
and below the reference, p/p, = 1.0. The number of 
pound-days is also the same for each curve. Pressure 
cycle No. 1 represents a large amplitude, short dura- 
tion pressure drawdown followed by a mild, extended 
gas injection period. Cycle No. 3, on the other hand, 
represents a low amplitude extended duration pressure 
drawdown followed by a relatively large amplitude short 
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duration gas injection period. Cycle No. 2 represents 
the intermediate case. The formation and fluid proper- 
ties used in calculations for pressure cycles 1, 2 and 3 
are noted on Fig. 3. The aquifer fluid is assumed to be 
water of 1-cp viscosity and compressibility noted in 
Fig. 3. Calculated volume ratio curves (Fig. 3) clearly 
indicate that pressure cycle No. 1 results in the maxi- 
mum gas reservoir shrinkage. Another result of interest 
is that the gas reservoir volume does not equal its ori- 
ginal value after one complete pressure cycle although 
the net pound-days at that time is the same above and 
below discovery pressure ratio for all three cases. Per- 
haps the most interesting observation is that although 
each of the three pressure cycles has as many pound- 
days above the original pressure as below, the corre- 
sponding calculated V/V, curves show that the net gas 
reservoir volume is Jess than its discovery value for 
10 to 11 months of the 12-month cycle. This fact is of 
practical interest because of possibility of water coning 
and direct proportionality of amount of gas stored to 
gas reservoir volume. If the pressure cycle curves in 
Fig. 3 are reversed about the axis, p/p, = 1.0, to rep- 
resent a gas injection period followed by a gas with- 
drawal period, the corresponding V/V, curves will sim- 
ply be symmetrical about the axis, V/V, = 1.0. Eq. 6 
shows this since reversal of the pressure cycle curves 
will simply change the algebraic sign of each Ap, in Eq. 
6. Thus, if the gas reservoir is reverted to storage op- 
erations upon discovery by injecting gas at the begin- 
ning of the cycle and withdrawing gas at the end of 
the cycle, net gas reservoir volume will be greater than 
the original value for 10 to 11 months of the 12-month 
cycle. Fig. 6 compares the number of moles of gas 
stored in the reservoir for the two pressure cycles 
shown. 


Yearly minimum gas reservoir volumes correspond- 
ing to pressure cycles 1, 2 and 3 are plotted vs time 
in Fig. 4. The pressure cycles were repeated for 20 
years to allow calculation of points plotted in the latter 
figure. The points or curves clearly indicate growth of 
the gas reservoir with time. This increase in the average 
reservoir size is also shown in Fig. 5 where curves of 
the relative volume ratio, V/V,, of the gas field were 
plotted vs time corresponding to pressure cycles 1, 2 
and 3, repeated for 20 years. This gas reservoir growth 
will later be seen to be dependent upon the fact that 
the pressure cycle curve represents an initial period of 
gas withdrawal followed by gas injection. 


Pressure cycles 4, 5 and 6, shown in Fig. 7, again 
have the same number of pound-days above and below 
the reference p/p, = 1.0. Upper and lower pressure 
limits are the same for all cycles, and the latter two- 
thirds of each cycle is identical. Cycle No. 4 shows 
steep pressure drawdown to the minimum cycle pres- 
sure and gradual build-up to maximum cycle pressure. 
Cycle No. 6 represents gradual pressure drawdown fol- 
lowed by steep pressure build-up. Cycle No. 5 shows the 
intermediate case. Formation and fluid properties used 
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in the calculations are the same as those employed for 
pressure cycles 1, 2 and 3, and are again given in Fig. 
7. The calculated V/V, curves of Fig. 7 corresponding 
to cycles 4, 5 and 6, show that cycle No. 6 gives maxi- 
mum water encroachment into the gas field, and cycle 
No. 4 causes least amount of water encroachment. 
Again, results show failure of the gas reservoir volume 
to equal its original value at the end of the cycle, the 
decreased volume for 10 to 11 months of the 12-month 
cycle and growth of the yearly average gas reservoir 
volume with time (Figs. 8 and 9). 

Fig. 11 shows the effect of the time of conversion 
from production of storage operations and of injection 
of gas as opposed to withdrawal of gas during initial 
portion of the storage cycle. Fig. 10 gives pressure 
cycles 7, 8 and 9, showing initiation of storage opera- 
tions after a four-year production period, initiation of 
storage operations immediately upon discovery with a 
production-injection cycle and initiation of storage op- 
erations upon discovery with an injection-production 
cycle, respectively. 

The periodic gas field pressure cycle has the same 
shape for all three cases and has an equal number of 
pound-days above and below discovery pressure. For- 
mation and aquifer fluid (water) properties are noted 
on Fig. 11. Calculated results plotted in Fig. 11 show 
the loss of gas reservoir volume available for stor- 
age that is incurred by the four-year production period. 

Results corresponding to pressure cycles 7 and 8 show 
that yearly average reservoir volume increases with 
time, but rate of increase is greater for pressure cycle 
7 than 8. As in pressure cycles 1 through 6, a growing 
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reservoir corresponds to a pressure cycle representing 
a period of gas production followed by a period of gas 
injection. 

Cycle No. 9 represents a period of gas injection fol- 
lowed by gas withdrawal. The corresponding calculated 
reservoir V/V, values plotted in Fig. 11 show that yearly 
average gas bubble or field volume decreases with time. 
The yearly average reservoir volume corresponding to 
pressure cycle No. 9 is above 1.0 while that correspond- 
ing to cycle No. 8 is below 1.0. Thus, identical gas stor- 
age field pressure cycles can result in greatly different 
yearly average reservoir volumes, depending upon 
whether storage operations are begun upon discovery or 
after a period of production and, if begun upon discoy- 
ery, whether with gas injection or withdrawal. 


APPLICATION TO PERFORMANCE OF A GAS 
STORAGE RESERVOIR WITH MODERATE 
WATER DRIVE 


To evaluate field applicability and predictive accu- 
racy of the cited theory and method, pressure and pro- 
duction-injection data from gas Field A were analyzed. 
Calculations based on operational and geophysical data 
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available from Field A were performed to determine 
gas reservoir volume and pressure from (1) the de- 
veloped theory and equations, and (2) field pressure 
and production data. The pressure-production-injection 
data from Field A and the data in Table 1 were used 
in the calculations. 


CALCULATION OF PREDICTED GAS FIELD 
VOLUME RATIO 

Material balance Eq. 7 and the thermodynamic equa- 
tion of state, 


_ (W.): 


(8) 


Eq. 8 must be satisfied in the case of a gas field subjected 
to water drive when no condensation effects are pres- 
ent. The number of pound moles of in situ natural gas 
at time t = iAt, n,, in Eq. 8 is calculated as n, — (n,): 
where n, equals p,V,/z.RT and (n,); is obtained from 
the data. The gas compressibility factor, z, in Eq. 8 
can be represented by 1 + Kp, for the pressure range 
encountered in this field study. 


Substituting W, from Eq. 6 into Eq. 7 gives, 


2rr,h 
(V/V.): =1- a5 


+ ---+ ] (9) 
where t = nAt. Eqs. 8 and 9 are two simultaneous 
equations in the two unknowns, p, and V,, if p., Vo, ¢, 
h, p-» K, T and the aquifer formation properties k/p 
and ¢ and the production-injection schedule are known. 


CALCULATION OF “OBSERVED” GAS FIELD 
VOLUME RATIO FROM FIELD DaTA 

“Observed” values of the gas field volume ratio, V/V,,, 
must be calculated if a comparison is desired between 
predicted gas field volume ratio and available field data. 
Eq. 10, obtained simply by rearrangement of the ther- 
modynamic equation (Eq. 8), gives the observed values 
Of 
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TABLE 1—RESERVOIR AND FLUID PROPERTIES 


Depth of field, ft 1,100 
Initial pore volume of field, cu ft 4.6 X 108 
Aquifer thickness, ft 20 
Porosity of formation, gas bubble and 
aquifer, per cent 20 
Gas gravity ; 0.70 
vo 6 
Total aquifer compressibility, 7X 10 
Permeability of formation, md 956 
Water viscosity, cp 1 
Formation temperature, °F 70 
Gas bubble radius, ft 3,020 


zn:RT Do 


C/V (10) 


DISCUSSION OF RESULTS 


Available data from Field A (Table 1) were em- 
ployed in calculating gas field pressures, p,, and volume 
ratios, (V/V.);, by simultaneous solution of Eqs. 8 and 
9. Observed volume ratios were calculated from Eq. 
10. Calculations used monthly time increments. Fig. 
12 shows the agreement of the predicted pressure ratio 
(p/p.): With the ratio of the average key well pressures 
to initial pressure. 

Fig. 13 permits a direct comparison between observed 
and theoretically predicted volume ratios, (V/V.):, 
each plotted as a function of time. Eqs. 8 and 9 were 
solved simultaneously for several different assumed 
values of R, the ratio of the aquifer exterior radius, 
r,, to interior radius r,. Results for R = 20 are in Fig. 
12, and results for R = 10 and R = 20 are shown in 
Fig. 13. The value of R is assumed to be approximately 
20 because the dimensionless production quantities, 
Q,, , given by Van Everdingen and Hurst’ are not tabu- 


lated for R > 10 for their constant terminal pressure 
case of unsteady-state radial liquid flow. Thus, the 
values of Q,, employed in Eq. 9 for an R > 10 had to 


be extrapolated from the Q,, values given for values of 


R < 10. Therefore, this study points out the need for 
values of Q,, corresponding to finite aquifers larger 
than R = 10. 

Eqs. 8 and 9 were also simultaneously solved for the 
case of an infinite aquifer, but results were in poorer 
agreement with the data than were results for a finite 
aquifer with R = 20. 


APPLICATION TO REPRESSURING OF 
WATER-DRIVE OIL RESERVOIRS 


Repressuring in solvent or miscible flooding to re- 
cover oil from partially depleted oil fields having mod- 
erately active water drive will cause water to return 
to the aquifer. Methods of this paper may be used to 
predict efflux of water for a given reservoir subjected 
to a prescribed pressure schedule. In this case, as well 
as for gas storage reservoirs, pressure in the hydrocar- 
bon phase is considered to be transmitted completely to 
the water at the inner aquifer boundary. 
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NOMENCLATURE* 


c = aquifer compressibility, vol/vol, psi 
K = constant, dimensionless 
n = pound moles of gas in reservoir 
n, = net pound moles of gas produced 
Q,,, = dimensionless production quantities tabulated in 
Ref. 1 
r, = gas bubble exterior radius or aquifer inner ra- 
dius, ft 
R = universal gas constant or r./r,, ratio of aquifer 
exterior radius to inner radius 
kt 
tp = dimensionless time = 3 
T = temperature, °Rankine 
V = pore volume, ft* 
Z = gas compressibility factor, dimensionless 


SUBSCRIPTS 
c = critical property 
D = dimensionless quantity (exception: 
Po = P. — p = pressure drop) 
o = initial 
tOrty, p:, V;, etc., signify value of variable at time 1 
or at dimensionless time fp 
tp, = 1Atp 
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A Viscosity Correlation for Gas-Saturated Crude Oils 


JU-NAM CHEW 
CARL A. CONNALLY, JR. 
MEMBER AIME 


A correlation is presented for predicting the viscosity 
of gas-saturated crude oils under reservoir conditions. It 
is based on the dead oil viscosity and the solution GOR. 
The correlation was developed from a study which 
showed that at a fixed solution GOR, the relation be- 
tween the gas-saturated oil viscosities and the corres- 
ponding dead oil viscosities is a straight line on logarith- 
mic coordinates. 

Data from 457 crude oil samples from the major pro- 
ducing areas of the U. §., Canada and South America 
were used. The best straight lines through the data were 
fitted by the method of least squares with a digital com- 
puter. The correlation is presented in the form of an 
equation and also in a convenient graphical form. 


The viscosity of gas-saturated crude oils under reser- 
voir conditions is an important physical property used 
in reservoir engineering calculations. Many difficulties 
are inherent in the sampling of gas-saturated oils and 
in the laboratory measurement of their viscosities. 
Therefore, it is frequently neither possible nor conveni- 
ent to obtain measured values, so the viscosity must be 
estimated from other, more readily available data. 

This paper presents a correlation for predicting the 
viscosity of gas-saturated crude oils. The correlation is 
based on the amount of gas in solution and the viscosity 
of the dead oil at the temperature of interest. 

A previous correlation of these variables was pre- 
sented by Beal’. In comparison, the correlation pre- 
sented here extends to a higher GOR and to a lower 
dead oil viscosity. Over the range of variables covered 
by both, this correlation is based on approximately 11 
times as many oil samples. 


DEVELOPMENT OF CORRELATION 


A study was made of the variables or parameters 
which could be used to relate the viscosity of a gas-sat- 
urated oil to its dead oil viscosity. Preference was given 
to those variables which are easily and commonly meas- 
ured in the field or in the laboratory. It was found that 
either the differential liquid formation volume factor or 
the solution GOR of the gas-saturated oil could be used 
as a correlating parameter. The solution GOR was se- 
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lected for the correlation because of its simplicity and 
availability. 

In an attempt to refine the correlation by introducing 
a second parameter, the following additional variables 
were tested: differential liquid formation volume factor 
at the reservoir bubble point, the formation volume fac- 
tor at the saturation pressure for the GOR of interest, 
reservoir temperature, viscosity of C,* fraction at 100°F 
and atmospheric pressure, weighted average gravity of 
gas in solution, oil gravity, reservoir bubble point pres- 
sure, saturation pressure at the selected GOR and res- 
ervoir temperature, and gas mol fraction. None of these 
improved the correlation to any significant extent. 

It was found that at any fixed solution GOR, the re- 
lation between the gas-saturated oil viscosities and the 
corresponding dead oil viscosities is a straight line on 
logarithmic coordinates, for the range of variables in- 
vestigated. This straight-line relationship was used for 
the correlation. 

Viscosity data on a total of 457 crude oil samples 
were used. The data were obtained with rolling ball-type 
viscometers. The samples came from all of the impor- 
tant producing areas of the U. S., as well as from Can- 
ada and South America. Their geographical distribution 
is shown in Table 1. The ranges of properties repre- 
sented by these samples are as follows: 


Range of Values 


Property Minimum Maximum ‘Weighted average 
Reservoir temperature, °F 72 292 146 
Reservoir bubble point pressure, psia 132 5,645 1,694 
Solution GOR at reservoir 
bubble point, cu ft/bbl 51 3,544 590 


For each crude oil sample the viscosity of the liquid 
phase from each step of a differential liberation was 
plotted against its solution GOR on semi-logarithmic 
paper. A smooth curve was drawn through the points 
and values of viscosity in centipoises were read from 


TABLE 1—GEOGRAPHICAL DISTRIBUTION OF OIL SAMPLES 
USED IN CORRELATION 


Field location Number of samples 


Arkansas 1 
California 33 
Canada 3 
Colorado 2 
Kansas 7 
Louisiana 24 
New Mexico 27 
Oklahoma 39 
South America 17 
Texas (East) 7 
Texas (Gulf Coast) 56 
Texas (North) 30 
Texas (West) 128 
Wyoming 74 
Other or unknown 9 

Total 457 
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the curve at GOR’s of 0, 50, 100, 200, 300, 400, 600, 
800, 1,000, 1,200, 1,400 and 1,600 scf/bbl. Most of the 
samples were in the lower range of GOR’s. 

Viscosity data for each GOR were then plotted on 
logarithmic coordinate paper with the viscosity of the 
oil at 0 GOR as the abscissa and the viscosity at any 
of the other GOR’s as the ordinate. For each GOR the 
data appeared to lie about a straight line. The best fit- 
ting lines were determined by the method of least 
squares with a digital computer. It should be noted that 
the least squares fit was applied to the logarithms of the 
viscosities, and some bias was introduced by the log- 
arithmic transformation. 

The computed intercepts, a, and slopes, b, of the 
best-fit lines are presented in Table 2. Also shown in the 
table are the anti-logarithms, A, of the intercepts and 
confidence limits for the intercepts and slopes. The 
values of A and + are plotted against solution GOR in 
Fig. 1. It may be seen from Table 2 and Fig. 1 that 
the change in the computed slope with GOR is not 
smooth and consistent. This behavior may be explained 
by the fact that the data for each GOR were processed 
independently. The scarcity of data for the high GOR’s 
combined with the greater scattering of viscosity data 
points in this range, cause the computed slope to be 
erratic at GOR’s above 1,000. 

Since there is no theoretical reason why the slope 
should not change in a consistent manner, the best vis- 
ual curve was drawn through the computed points as 
shown in Fig. 1. This smooth curve of the slope is, in 
effect, a simultaneous correlation of the data for all of 
the GOR’s as a whole. The most weight has been given 
to the points at the low GOR’s since they are based on 
more data. Values of the slope read from this smooth 
curve at the various GOR’s are presented in Table 3. 

As shown in Fig. 1 the intercepts lie very closely to a 
smooth curve and do not show the erratic behavior at 
high GOR’s that the slopes did. Since these points are 
the y-intercepts at dead oil viscosities of 1 cp, they lie 
near the center of the line or of the data range at the 
high GOR’s. Therefore, they are only slightly affected 
by the factors responsible for error in the slopes. Values 
of the intercept read from the smooth curve at the se- 
lected GOR’s are presented in Table 3. 

These smoothed values of the slope and intercept 
were used to compute the correlation lines of Fig. 2. 
Also shown in Table 3 are the ranges of the viscosity 
data which govern the extent of these lines. 


Pie -CORR ELA 


Figs. 1 and 2 each represent a different form of the 
correlation. Both forms give the same relation among 
the following three variables: (1) viscosity of the dead 
oil at reservoir temperature and atmospheric pressure, 
(2) viscosity of the gas-saturated oil at the same tem- 


TABLE 2—-COMPUTED INTERCEPTS AND SLOPES OF CORRELATION LINES 


Now Antilog 95 per cent confidence 
Sol. of data Intercept Slope ofa limits 
GOR points a b (A) intercept a slope b 


50 457 —0.04659 0.9314 0.8983 +0.00362 -+0.00734 
100 437 —0.08631 0.8841 0.8198 +0.00487 +0.01007 
200 376 —0.15301 0.8110 0.7030 +0.00600 -+0.01375 
—0.20477 0.7433 0.6241 +0.00728 -£0.01833 
400 245 —0.25930 0.7342 0.5504 +0.00799 +0.02462 
600 144 —0.35017 0.6599 0.4465 +0.00946 +0.03815 


800 101 —0.42863 0.6152 0.3727, +0.01411 0.06312 
1,000 71 —0.50548 0.5406 0.3123 +0.01683  -+0.08311 
1,200 49 —0.56331 0.4396 0.2733 +0.02241 0.15229 
1,400 32 —0.59413 0.6056 0.2546 +0.02340 +0.15763 
1,600 22 —0.63584 0.5473 0.2313 +0.04296 +0.26339 
Total 2,257 


USE OF A_AND b 
LOG * LOG A+ db LOG tog 
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Fic. 1—InTERCEPTS AND SLOPES FOR VISCOSITY CORRELATION 
LINES. 


perature and saturation pressure, and (3) solution GOR 
of the gas-saturated oil. 

If any two of these variables are known, the third 
can be estimated from the correlation. Basically, this 
correlation predicts the change in viscosity when a 
known amount of gas is added or removed from an oil 
of known viscosity. Therefore, it should be applicable 
to the oil and gas from any of the usual liberation 
processes, even though differential liberation data were 
used in its development. 

Fig. 1 gives the relation between solution GOR and 
the values of the intercept A and slope b for the equa- 
tion, 

where p,, is viscosity of gas-saturated oil at reservoir 
temperature and saturation pressure, cp; #2 is viscosity 
of the dead oil at the same temperature and atmospheric 
pressure, cp; and log = common logarithm. 

In using Fig. 1 to find the viscosity of a crude oil 
saturated with a certain amount of gas, the values of A 
and b for this GOR are read from the curves. These 
values and the dead oil viscosity are then substituted 
into Eq. 1 or into its alternate form, 

This procedure permits the prediction of the gas-sat- 
urated oil viscosity for any GOR and dead oil viscosity 
within the correlation range without the need for inter- 
polation between curves. 

Fig. 2 presents the basic correlation in graphical 
form—the gas-saturated oil viscosity is plotted against 
the dead oil viscosity and a straight line is obtained for 
each GOR. The slopes and intercepts of these lines were 
obtained from the curves of Fig. 1; these values are 
also tabulated in Table 3. The solid portions of the lines 
represent the range of the data used in the correlation 
while the dashed portions are extrapolations. 

The procedure for using Fig. 2 to find the viscosity of 
a gas-saturated oil is as follows: (1) the viscosity of 
the dead oil at the reservoir temperature and atmos- 
pheric pressure and also the solution GOR of the gas- 


TABLE 3—SMOOTHED VALUES OF INTERCEPTS AND SLOPES AND RANGE 
OF VISCOSITY DATA 


GOR Intercept Slope Viscosity range of dead oil 
(cu ft/bbl) A b (cp) 
0 1.000 1.000 — 

50 0.898 0.931 0.377 — 50.0 
100 0.820 0.884 0.377 — 50.0 
200 0.703 0.811 0.377 — 50.0 
300 0.621 0.761 0.377 — 14.2 
400 0.550 0.721 0.377 — 8.7 
600 0.447 0.660 0.377 — 5.10 
800 0.373 0.615 0.377 — 3.95 

1,000 0.312 0.578 0.377 — 3.74 
1,200 0.273 0.548 0.478 — 1.84 
1,400 0.251 0.522 0.478 — 1.59 
1,600 0.234 0.498 0.478 — 1.20 
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saturated oil must be known; (2) locate the value of 
dead oil viscosity on the abscissa and go up vertically 
until the desired solution GOR is reached; and, (3) 
move left horizontally to the ordinate and read the vis- 
cosity of this oil, saturated with the given amount of 
gas at the same temperature and at its saturation pres- 
sure. 

This procedure may be reversed to find the dead oil 
viscosity if the viscosity of the gas-saturated oil is 
known. Also, if the viscosity of an oil with one solution 
GOR is known, its viscosity with another solution GOR 
can be found. 

It should be noted that the information from either 
Fig. 1 or Fig. 2 can be made into a plot of gas-saturated 
oil viscosity against solution GOR to give a family of 
curves with the dead oil viscosity as the parameter. The 
form of such a plot on semi-logarithmic coordinate 
paper would correspond to that of Beal’s correlation’. 

In using the correlation to obtain the viscosity of a 
gas-saturated oil, it is, of course, important to use as 
nearly accurate values of dead oil viscosity and solu- 
tion GOR as possible. Measured values are preferable, 
but if these are not available, estimated values can be 
obtained from correlations with other variables. Cor- 
relations of dead oil viscosity with oil gravity and tem- 
perature and of solution GOR with saturation pressure 
and oil gravity have been reported by Beal’. Correla- 
tions of solution GOR with saturation pressure, gas 
gravity, tank oil gravity and temperature have been 
presented by Standing* and by Lasater”. 

The fit of laboratory-measured viscosity values to the 
correlation is illustrated in terms of 95 per cent con- 
fidence limits. These confidence limits mean that for 
particular values of dead oil viscosities there is 95 per 
cent confidence in the statement that the arithmetic 
mean of the gas-saturated oil viscosities will lie within 
the interval defined by the limits. Table 4 presents 
examples of confidence limits of correlation lines for 
GOR’s of 50 and 800. It is seen that the confidence lim- 
its are narrowest at the weighted mean value of the dead 


TABLE 4—CONFIDENCE LIMITS OF CORRELATION LINES 
Viscosity of Gas-Saturated Oil 


Visc. 
Sol. of Value from 95 per cent Confidence Limits 
GOR dead oil correlation Upper Lower 
(cu ft/bbl) (cp) (cp) (cp) (per cent) (cp) (per cent) 
50 0.38 0.365 +0.005 —0.005 
50 0.60 0.558 +0.006 +1.08 —0.006 —1.08 
50 1.00 0.898 +0.008 +0.89 —0.008 --0.89 
50 2.38 2.02 +0.011 +0.54 —0.011 —0.54 
(mean) 
50 3.00 2.50 +0.014 +0.56 —0.014 —0.56 
50 6.00 4.77 +0.04 +0.84 —0.04 —0.84 
50 10.0 +0.09 + 1.17 —0.09 
50 20.0 14.6 +0.24 +1.64 —0.24 —1.64 
50 50.0 34.3 +0.80 +2.33 —2.30 
800 0.38 0.206 +0.016 +7.77 —0.015 —7.28 
800 0.60 0.272 +0.015 —0.014 
800 0.90 0.349 +0.013 +3.72 —0.012 —3.44 
800 1.18 0.412 +0.013 —0.012 2591 
(mean) 
800 2.00 0.571 +0.026 +4.55 —0.025 —4 
800 3.00 0.733 +0.050 +6.82 —0.047 —6.41 
800 4.00 0.874 +0.075 +8.58 —0.069 —7.89 


oil viscosity range and increase towards each end of 
the range. The upper and lower limits are not sym- 
metrical because of the logarithmic transformation. 
The confidence limits increase with GOR, and these 
given here serve to illustrate their trend and magnitude. 

It is emphasized that the confidence limits apply to 
the fit of laboratory-measured viscosity values to the 
correlation and not necessarily the fit of the true vis- 
cosity values. Laboratory measurements of the viscosity 
of oils with gas in solution are subject to many sources 
of error. Some of these sources of error are in the 
measurements of pressure, temperature, density, gas in 
solution, angle position and roll time. Other sources 
are non-equilibrium conditions, calibration errors and 
variations in techniques, equipment and personnel. 
Comparative measurements by five different laboratories 
on one sample showed a spread in the viscosity data 
which was of the order of 20 per cent of the average 
viscosity value for the same measured amount of gas in 
solution. There is no reason to expect that routine 
measurements of viscosity by various laboratories would 
normally agree any more closely than the results of 
this case. Therefore, it is believed that the correlation 
can predict the viscosities of gas-saturated crude oils 
with a reliability approaching that of a routine labora- 
tory measurement. 


US 


1. The correlation is generally applicable to a large 
number of producing areas. 

2. In most cases, with this correlation, the viscosities 
of gas-saturated crude oils can be estimated with a 
reliability approaching that of a routine laboratory 
measurement. 


WIE, ME Nels 


The authors wish to express their appreciation to the 
management of the Magnolia Petroleum Co. for permis- 
sion to publish this paper. The help of M. A. Rosenfeld 
on the computer programing and processing of the 
data and the helpful suggestions received from J. A. 
Lasater on the preliminary phases of this work are 
gratefully acknowledged. 

REFERENCES 

1. Beal, C.: “The Viscosity of Air, Water, Natural Gas, Crude 
Oil and Its Associated Gases at Oil Field Temperatures 
and Pressures”, Trans. AIME (1946) 165, 94. 

Standing, M. B.: “A Pressure-Volume-Temperature Corre- 
lation for Mixtures of California Oils and Gases”, Drill. 
and Prod. Prac., API (1947) 275. 

3. Lasater, J. A.: “Bubble Point Pressure Correlation”, Trans. 


AIME (1958) 213, 379. res 


N 


40 H tHE same MPERATURE 
| | proceoure ATE 150 CF THE Ay 4 
| | | | 
4+ = +— cu FT/ BB 
+ —_——_ + + + + + + + 4 


Effects of Pore and Confining Pressures on Failure 
Characteristics of Sedimentary Rocks 
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Triaxial compression tests have been performed to 
determine the strength characteristics of limestone, sand- 
stone and shale rocks subjected to controlled stress con- 
ditions. This control was exercised by varying the liquid 
pressures within and around a plastic-encased rock 
specimen. The pressure in the pores of the rock was 
varied throughout the range from atmospheric to 15,000 
psig; the external pressure was changed over the same 
range with various positive pressure differences between 
it and the internal pressure. The data show that the rock 
strength increased and the mode of failure changed as 
the pressure surrounding the rock became greater than 
the pressure in the nores of the rock. These observations 
and the results of microbit drilling exneriments indicate 
that the increased rock strength under pressure may be 
an important effect in reducing drilling rate, but that 
other factors are probably of even greater importance. 


EUS 


A large part of the research conducted to reduce the 
cost of drilling is directed toward improving present 
drilling technology and developing new drilling methods. 
In spite of the fact that drilling is essentially the act of 
making rocks fail, many details of the mechanism of 
failure are not known. It seems probable, therefore, that 
continuing studies of the fundamentals of rock failure 
can lay a foundation for future improvements in drill- 
ing technology. 

One of the factors which affects rock failure is the 
stress applied to the rock. This effect has been known 
for many years.”** As an example, stress studies have 
been published by engineers’ concerned with the strength 
characteristics of concrete in large dams. More recently, 
a number of investigators’ have explored the effects 
of stress on the strength of geologic formations and the 
geologic implications of their findings. During the last 
few years some research” on rock strengths has also 
been conducted in an attempt to gain additional insight 
into the factors which affect rock drillability. 

In determining the strength characteristics of rocks 
under different stress conditions, investigators have con- 
ventionally used triaxial compression equipment, where- 
in a jacketed rock cylinder is uniformly loaded from all 
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directions and then compressed longitudinally. The re- 
sults of this work have demonstrated that the mode of 
failure (brittle or malleable) is dependent upon the 
loading pressure, and that the strength of the rock in- 
creases as the loading pressure increases. These results 
clearly manifest that the stress, which is determined by 
the loading pressure, affects rock strength, and this im- 
plies that rocks under stress should be stronger and 
hence harder to drill. 

During the drilling of a porous rock the stress condi- 
tions are determined not only by the pressure surround- 
ing the portion of the rock undergoing failure (confin- 
ing pressure) but also by the pressure of the interstitial 
fluids within the rock (pore pressure). The importance 
of both these pressures on the drilling rate of rocks has 
already been demonstrated by a number of investigators. 
Murray and Cunningham” found in microbit drilling ex- 
periments that at constant pore pressures the drilling 
rate decreased as the hydrostatic pressure surrounding 
an unjacketed, impermeable rock increased. Later Eckel” 
found that for jacketed limestone specimens the differ- 
ence between hydrostatic (wellbore) pressure and for- 
mation (pore) pressure had an important effect on drill- 
ing rate. These observations of the effect of pressure on 
drilling rate emphasize that for drilling studies triaxial 
compression tests should be conducted under conditions 
of confining and pore pressure which simulate conditions 
underground. 


In the past, triaxial tests have been made under con- 
ditions which do not reproduce those underground. In 
particular, most of the tests on porous materials have 
been made at varying confining pressures but with at- 
mospheric pore pressures. In only one group of tests’ 
was any data on the effect of pore pressure reported, 
and these few data were on materials not representa- 
tive of those encountered in drilling earth formations. 

The research described herein was initiated to deter- 
mine the importance of both internal pore pressure and 
confining pressure on failure characteristics of limestone, 
sandstone and shales. Triaxial loading equipment was 
used to obtain strength data at. pressures up to 15,000 
psig. An additional objective of this research was to 
apply these results to drilling rate studies by compar- 
ing them with the previously published drilling data of 
Murray and Cunningham” and of Eckel”. 7 

The work reported here is but one step in determin- 
ing and evaluating the fundamental mechanisms which 
control drilling rate. Additional research is needed to 
clarify other aspects of the drilling process, The better 
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understanding of the mechanics of rock failure gained 
from such studies will hasten and accelerate improve- 
ments in drilling technology. 
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The triaxial testing apparatus used to determine the 
failure characteristics of sedimentary rocks is shown in 
Fig. 1. The compression cell is shown mounted in oper- 
ating position between the top and bottom platens of a 
universal testing machine. 

Fig. 2 illustrates details of the stainless steel com- 
pression cell. This cell is approximately 2.5-in. ID, 5-in. 
OD and 8-in. high and is designed for working pres- 
sures up to 15,000 psig. The top closure is fitted with a 
movable piston for transmitting the compressive stress 
applied by the universal testing machine platens. 

The entry ports for applying confining and pore 
pressures are connected to the high pressure equipment 
shown on the laboratory cart in Fig. 1. Necessary liquid 
reservoirs, pumps, gauges and pressure regulators are 
interconnected with a versatile valve system so that 
the various pressures in the system can be individually 
and automatically controlled throughout the test run. 


EXPERIMENTAL PROCEDURE 


Specimens of sedimentary rocks were drilled perpen- 
dicular to the bedding plane with a diamond core bar- 
rel. An accurately aligned double-bladed diamond saw 
was used to face off the ends of the core parallel to 
each other and perpendicular to the axis. The resulting 
test specimen, a cylinder 0.75 in. in diameter and 1.5 
in. long, was then inserted into a flexible plastic sleeve 
and mounted in the compression cell as shown in Fig. 2. 

All triaxial tests were performed with specimens satu- 
rated either with distilled water (limestones and sand- 
stones) or with brine (shales). Saturation was accom- 
plished by evacuating the air from the specimen and 
then flooding the fluid through the core. In the case 
of low permeability samples a special yoke was at- 
tached to the compression cell so that the saturation 
could take place over a period of several days without 
requiring the constant use of the compressive testing ma- 
chine. 

After the specimen was mounted in the compression 
cell and saturated with liquid appropriate confining pres- 
sure was applied to the outside of the plastic sleeve and 
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the fluid pressure in the pores of the rock was adjusted 
to the desired value. The specimen was then made to 
fail in compression by moving the platens of the com- 
pression machine at a constant rate of 0.0015 in./sec. 

The load on the piston and the movement of the pis- 
ton were automatically recorded on a two-variable con- 
tinuous recorder. The resulting plot shows the relation- 
ship between force and deformation and, in this report, 
will be referred to as a force-deformation curve. 


EFFECTS OF STRESS ON ROCK FAILURE 
CHARACTERISTICS IN INDIANA 
LIMESTONE 


The manner in which stresses affect the failure of a 
typical sedimentary rock was examined in detail. Indiana 
limestone was selected for this study because it is rel- 
atively homogeneous, is readily available in quantity 
and is permeable enough that the time required for 
saturation is small. 

The results obtained from laboratory triaxial loading 
tests indicate that the application of external stresses 
affects the failure characteristics of Indiana limestone in 
two principal ways. First, the mode of failure changes 
from brittle to malleable under certain stress conditions 
and second, the yield strength of the rock increases as 
additional stresses are applied. 


MOopbE OF FAILURE 


Indiana limestone is generally considered to be a 
brittle material, i.e., one which will withstand stresses 
up to a point and then fail completely by shear. Under 
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certain conditions, however, this limestone can be made 
to deform in a malleable fashion. Fig. 3 illustrates both 
types of failure. An untested rock specimen is shown at 
the left, a sample which exhibits brittle failure is in the 
center and a malleably deformed specimen is at the 
right of the photograph. 

Experimentally, the factor which controlled the mode 
of failure was found to be the difference between con- 
fining and pore pressure. When this difference is greater 
than about 5,000 psi malleable failure always occurs re- 
gardless of the absolute value of these pressures (up to 
the limit of equipment, 15,000 psig). 

The mode of failure changes gradually from brittle 
to malleable as the difference between the confining pres- 
sure and pore pressure increases. This gradual transi- 
tion can be observed most easily from the force-deform- 
ation curves. 

The force-deformation diagrams are produced auto- 
matically by the universal testing machine as the pis- 
ton compresses the test specimen. The curves in Fig. 4 
represent cores which have been compressed while sub- 
jected to a 10,000-psig confining pressure. Each of the 
lines represents a core which has been compressed with 
a different pore pressure. One obvious feature of these 
curves is the linear section during the early stages of 
the deformation. This is commonly interpreted as in- 
dicating elastic behavior. 

When the pore pressure is the same as the confining 
pressure the core fails by brittle fracture. The curve 
marked A is a force-deformation curve of a typical brit- 


Fic. 3—Cores Berore anp AFTER TESTING. 


Pore Press., psig 


10,000 
4000 
= 5000 
D 
6000 
S 5000 
ES 8000 
9000 
Vv 
10,000 
0 0.01 0.02 0.03 0.04 


Deformation, inches 


Fic. 4—Force-pEFoRMATION Curves For InpIANA LIMESTONE 
AT A CONFINING Pressure oF 10,000 psic. 


tle material. A typical plastic-type deformation is illus- 
trated by Curve G which was produced with zero pore 
pressure. The force increases rapidly at first and then 
becomes almost constant in the latter stages of the 
deformation. 

The force-deformation curves give a good macroscopic 
description of the way in which triaxial test specimens 
fail. However, it is also of interest to determine micro- 
scopically the manner and sequence in which malleable 
rock failure proceeds. To do this, a number of speci- 
mens were compressed varying distance and thin sec- 
tions were made of a central slab of each specimen. The 
results illustrated step by step the process of malleable 
failure. 

Figs. 5 and 6 are typical of the suite of thin sec- 
tions obtained. An undeformed Indiana limestone thin 
section is shown in Fig. 5 to demonstrate the grain size 
and shape before deformation. Fig. 6 shows cores com- 
pressed with 10,000 psi difference between pore and 
confining pressure. 

As the deforming piston compresses a core the re- 
gions adjacent to the piston at the top and to the anvil 


Ne of Thin Section 


Fic. 5—Tuin Section or UNpDEFoRMED INDIANA 
LIMESTONE. 


\— Plane of Thin Section 


Plane of Thin Section 


A 


8 
Fic. 6—Tuin Sections or Derormep INDIANA 
LIMESTONE. 


‘(PETROLEUM TRANSACTIONS, AIME 


\ 
| 
| 
| 
| 
S SS 
wi Sss 
\ 
{ 
\ 
| 
\ } 
| 
3S 
28 


at the bottom do not deform. These two conically shaped 
regions are called cones of fracture. After yielding has 
taken place plastic deformation occurs for a short while 
outside the cones of fracture. When the crystals can no 
longer plastically deform they begin to shear apart. Sim- 
ultaneously, minor plastic deformation occurs within the 
cones of fracture and a concentration of broken crys- 
tals appears at the boundaries of the cones of fracture. 

Fig. 6A shows a rock sample which has been com- 
pressed to about 83 per cent of its original length. The 
cones of fracture are well developed and both plastic 
and minor shear deformation is evident. 

As compression continues more and more crystals 
are sheared apart until the crystal structure of some 
areas of the rock is unrecognizable at the magnification 
used in Fig. 6. X-ray analyses, which are not presented 
here, revealed that these areas are not amorphous but 
are still crystalline, as shown by the presence of charac- 
teristic principal lattice spacings. 

As compression continues still further the cones of 
fracture eventually meet and then become distorted. At 
this time major shear planes still outline the cones of 
fracture and the only recognizable crystals are those im- 
mediately adjacent to the piston and anvil. Fig. 6B is a 
thin section of a core which has been deformed in this 
manner. 


YIELD STRENGTH 


The points marked a, b, c, d and e in Fig. 4 are nor- 
mally defined as yield points. The yield strength repre- 
sents the maximum load supported by the rock dur- 
ing the compression test. The data clearly show that for 
constant confining pressure, the yield strength increases 
as the pore pressure decreases.* 

No well-defined yield points appear at f and g because 
the applied piston force is never constant with increas- 
ing deformation at pore pressures of 0 and 4,000 psig. 
It is desirable to adopt a standard method for determin- 
ing yield strength, even in malleable deformation, and, 
therefore, a convention was adopted from the specifica- 
tions for ductile steel. Since no maximum is observed 
also in the tensile stress-strain diagram of ducible steel, 
the yield strength is conventionally defined as the stress 
necessary to elongate the specimen 0.2 per cent. This 
same arbitrary definition of yield strength has been em- 
ployed for any force-deformation diagram of sedimen- 
tary rock which exhibits no maximum. 

The effect of the pore pressure on the yield strength 
of Indiana limestone is shown in Fig. 7. To the drilling 
engineer the most interesting feature of Fig. 7 is the 
fact that when the confining and pore pressures are al- 
most equal a slight decrease in pore pressure results in 
a relatively large increase in the yield strength. In the 
section a-a of Curve A, for example, a decrease of only 
500-psig pore pressure results in an increase of approxi- 
mately 25 per cent in the yield strength. 

Superimposed upon this primary effect is a secondary 
effect caused by the absolute magnitude of the two pres- 
sures. Curve B shows that the yield strength increases 


*After the rock yielded, additional fluid frequently had to’ be 
pumped into the interstices of the specimen to maintain constant 
pore pressure. The amount of injected fluid was greatest when the 
differential pressure was small, decreased as the differential pressure 
increased, and no fluid was required during malleable deformation. 
A change in fluid requirement denotes a change in pore volume. 
This change seemed to be associated with brittle-type failure, since 
it disappeared when the failure became completely malleable. 

In field drilling of impermeable rocks, pore pressure equalizes so 
slowly that it probably decreases inside the yielded and adjacent 
rock. If this is the case the difference between confining and pore 
pressure increases, thereby effectively increasing the yield strength 
of the small rock volume which is next to be penetrated by the bit. 
This mechanism may be important in reducing drilling rate. 
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about 25 per cent as the pore and confining pressures 
are simultaneously increased from 0 to 3,000 psig. 
Above this pressure little additional increase in yield 
strength occurs. 


EFFECTS OF STRESS ON VARIOUS 
TYPES OF ROCK 


The experimental results just described provided a 
clear picture of the manner in which a single sedimen- 
tary rock, Indiana limestone, failed under stress. Left 
unanswered, however, was the question of whether other 
sedimentary rocks exhibit similar behavior. Accordingly, 
additional specimens of different types were subjected to 
triaxial loading tests identical to those previously de- 
scribed. 

Strength and mode-of-failure data were obtained for 
two limestones, two sandstones and one shale. 
LIMESTONES 

Indiana limestone and Carthage “marble” were the 
two limestones tested. Both of these rocks are believed 
to be true limestones (not marbles), and both were ob- 
tained from commercial quarries. 

Fig. 8 shows the relationships between yield strength 
and confining pressure for various pore pressures. The 
Carthage marble is obviously inherently stronger, but 
both limestones have similar modes of failure and show 
increasing strengths with higher differential pressures. 


SANDSTONES 

The sandstones tested were Pictured Cliffs sandstones, 
cored from a well in the Otero field, N. M., and Berea 
sandstone, obtained from a quarry. The failure charac- 
teristics of the two rocks, shown in Fig. 9, are remark- 
ably similar. 

The curves differ slightly from the limestone results 
in two aspects. First, the yield strength increases more 
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rapidly with increased differential between confining and 
pore pressures, especially at low confining pressures. 
Second, a higher differential pressure is required before 
the sandstones fail malleably. Whereas the two lime- 
stones undergo malleable failure at a pressure differen- 
tial of 5,000 psi, the two sandstones require about 
10,000 psi. 


SHALE 


Samples of Belly River shale were obtained from 
cores taken from Canadian oil wells. These relatively 
pure shale samples had a permeability of the order of 
10% darcies, and five to eight days were required to 
saturate them with brine. Saturation of lower permeabil- 
ity shales was not attempted because of the extremely 
long times required, even with the high pressures avail- 
able in the laboratory. 

The results of a limited number of compression tests 
on shale are shown in Fig. 10. They conform in most 
respects to the curves of limestone and sandstone. These 
data reveal that the Belly River shale has a relatively 
low yield strength at zero differential pressure, but that 
the strength increases very rapidly as a pressure differ- 
ential is applied. 


SIGNIFICANCE OF STRESS EFFECTS IN 
DRILLING RATE STUDIES 


The fact that pore and confining pressures change 
rock strength suggests that this effect may be impor- 
tant in explaining certain results obtained in microbit 
drilling experiments. Murray and Cunningham™ and 
Eckel” have reported that a pressure differential from 
the wellbore into the formation reduces the penetration 
rate in microbit drilling. 
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As Eckel points out, the exact mechanism responsi- 
ble for the reduction is not known. One possibility is 
that a differential pressure imposes additional stresses 
upon the rock, thereby making it stronger and harder 
to drill. It also seems plausible that a differential pres- 
sure from the wellbore into the formation should affect 
the ease with which cuttings are removed from the rock. 
In addition, if mud is the drilling fluid, a differential 
pressure should affect the thickness of the “cushioning” 
mud cake. 

In evaluating the relative importance of these various 
mechanisms, it is necessary to determine first the effect 
of rock strength alone upon drilling rate, and then to 
compare this with the total effects of differential pres- 
sure upon drilling rate. 


EFFECT OF RocK STRENGTH ON DRILLING 


The influence of rock strength on drilling rate de- 
pends on a large number of drilling variables. Inade- 
quate chip removal, for example, could completely ob- 
scure any normal relationship. In realistic drilling ex- 
periments, however, it may be stated generally that in- 
creased rock strength reduces drilling rate. 

To illustrate this observation, drilling rates reported 
by Eckel” may be compared with yield strengths deter- 
mined by the triaxial tests shown in Fig. 8. Eckel has 
measured the drilling rates of both Carthage marble 
and Indiana limestone with 1,000-lb bit load, 50-rmp 
rotary speed, and formation, hydrostatic and terrastatic 
pressure of 3,000 psi (see Eckel’s Figs. 4 and 12). How- 
ever, the circulation rates were slightly different while 
drilling the two types of rock; therefore, Carthage mar- 
ble drilling rates reported have been corrected slightly 
for this effect using Eckel’s Fig. 9. 

To obtain yield strengths of the rock under the con- 
ditions of Eckel’s drilling experiments it is necessary to 
determine the stresses imposed on the rock in drilling. 
This determination is usually very difficult, but is pos- 
sible for the two microbit drilling experiments cited. This 
was possible because the 3,000-psig triaxial confining 
pressure in this study corresponds to the 3,000-psig com- 
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pressive loading pressure in Eckel’s microbit drilling, 
and the 3,000-psig triaxial pore pressure in this study 
corresponds to the 3,000-psig formation fluid pressure 
in microbit drilling. Therefore, the two points denoted 
b (Fig. 8 in this report) correspond to the stresses 
imposed upon Eckel’s microbit rock specimen, and the 
yield strengths obtained from Fig. 8 may be compared 
to measured drilling rates. 

This relationship of drilling rate to yield strength is 
shown as Curve A in Fig. 11. This curve shows only 
the effect of rock strength on drilling rate, since bit 
load, rotary speed and circulation rate were constant. 
Although the data are limited it appears certain that 
increasing rock yield strengths result in reduced drilling 
rates. 


ToTAL EFFECTS OF PRESSURE DIFFERENTIAL 
UPON DRILLING RATE 


Both Murray and Cunningham” and Eckel” have in- 
vestigated the total effects of differential pressure upon 
drilling rate. Data from Murray and Cunningham’s 
Fig. 13 have been selected for analysis because the 
pressure conditions were such that determinations of 
stress under the bit are the least complicated. 

Murray and Cunningham’s results show that, using 
mud as the drilling fluid, the drilling rate of Berea sand- 
stone decreases drastically as a pressure difference 
between wellbore and rock interstices is applied. The 
total effects of the pressure differential undoubtedly 
include mud-cake formation, chip “hold-down”, and in- 
creased strength of the rock. 

The microbit pressures may be used to determine 
the rock yield strengths by the manner just outlined 
with one major exception. Murray and Cunningham 
used low filter-loss mud, hence it can be assumed that 
essentially all of the pressure drop between the drilling 
fluid and formation fluid took place across the mud 
cake. Therefore, atmospheric formation pressure in 
Murray and Cunningham’s work corresponds to zero 
pore pressure in triaxial tests, and the drilling fluid 
pressure surrounding the microbit rock specimen cor- 
responds to confining pressure in triaxial testing. Tri- 
axial test data on Berea sandstone are shown in Fig. 9 
of this paper. 
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The relationship obtained between drilling rate and 
yield strength is Curve B of Fig. 11. Two very impor- 
tant effects are evident here. First, drilling rate de- 
creases sharply with small changes in yield strength at 
low pressure differentials. Second, the drilling rate ap- 
proaches zero when the rock strength is about 16,000 psi. 

Before comparing Curves A and B it is appropriate to 
review their differences. Curve A shows only the effect 
of yield strength on drilling rate; Curve B shows the 
total effects of differential pressure (including increased 
rock strength) upon drilling rate. Curve A is for lime- 
stone; Curve B is for Berea sandstones. Curve A was 
obtained with water as the drilling fluid; Curve B was 
obtained with mud as the drilling fluid. 

Because of these differences quantitative comparisons 
are difficult. Nevertheless, significant trends in the data 
are obvious. 

Comparison of the slopes of Curves A and B at low 
yield strengths reveals that in this region: (1) rock 
strength is an important factor in reducing drilling rate 
(as shown by Curve A); and (2) other factors, such as 
mud-cake cushioning and/or chip hold-down, are prob- 
ably even more important (comparison of the two 
curves). 


The very low drilling rate in the higher differential 
pressure (higher yield strength) region has been noted 
by Murray and Cunningham, who suggest that the 
decrease is due to cushioning of the mud cake and not 
to the fact that the yield strength of the rock becomes 
too high for further drilling. To investigate this expla- 
nation compression tests were made with a microbit 
impinging upon a water-saturated Berea sandstone. The 
results indicate that 90 to 500 lbs applied to the micro- 
bit (depending upon whether one, two, three, or four 
teeth contacted the rock) was sufficient to exceed the 
yield strength of the rock under the teeth. Using these 
data it was calculated that a stress of about 78,000 psi 
was applied by a single microbit tooth with 1000-lb 
loading, and a stress of about 12,000 psi was applied 
by four contacting teeth. These values can be com- 
pared with the actual yield strength of Berea sand- 
stone, which Fig. 9 shows to be between 7,000 and 
17,000 psi. 

The wide variation in bit loads available to overcome 
rock yield strength has important implications in bit 
design, especially when formation strengths are high 
enough or bit loads low enough that rock failure can 
take place only when one or two teeth touch the for- 
mation. In the drilling experiment under consideration, 
however, bit loading was high enough to overcome the 
yield strength of the rock at all times, except at high 
differential pressures when four teeth simultaneously 
contacted the rock. 

The fact that the microbit specimen was almost 
always weak enough to be deformed by a 1,000-lb bit 
load is direct evidence that Murray and Cunningham’s 
explanation is correct, and that increased rock yield 
strength is not primarily responsible for the low drill- 
ing rates obtained when drilling with mud and employ- 
ing high pressure differentials (above 1,000 psi) between 
wellbore and rock interstices. 


EOIN SIO INS 


1. Common sedimentary rocks can be made to under- 
go either malleable or brittle failure, depending upon 
the difference which exists between confining pressure 
and internal pore pressure. 
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2. Although shales, limestones and sandstones have 
inherently different strengths, it was observed. (a) that 
brittle failure always occurs when the confining and 
pore pressures are equal; and (b) that the mode of 
failure changes gradually from brittle to malleable as 
the pressure differential increases, the transition pres- 
sure depending on the nature of the rock and the 
pressure level. 

3. The yield strengths of rocks increase appreciably 
as the confining pressure increases (at constant pore 
pressure) but, in most cases, increase only slightly 
as the confining pressure increases if the confining and 
pore pressures are maintained equal. 

4. The increase in rock strength was important in 
reducing drilling rate in the microbit experiments pre- 
viously reported by other investigators; however, other 
factors, such as mud-cake cushioning and chip hold- 
down, were probably even more important. 
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AC 


Herein is described a heat conduction model which 
has been developed to predict the pressure distribution 
within a reservoir being subjected to unsteady-state 
depletion. 

Although potentiometric models have been widely 
used to study reservoir pressure distribution, their appli- 
cation is limited to the study of steady-state cases. 
Electrical analyzers may be used to study unsteady-state 
phenomena, but their application and simulation have 
certain limitations. 

Much of the now accepted theory of unsteady-state 
fluid flow in porous media has evolved from previous 
heat conduction knowledge. An analogy between the 
flow of fluid in an unsymmetrical reservoir and con- 
duction of heat in a similarly shaped unsymmetrical 
metal plate is made to show adaptability of the heat 
conduction principle to transient reservoir cases. 

A description of the model and necessary instrumen- 
tation is included. Data show influence of well location 
on pressure distribution during unsteady-state deple- 
tion. Application of results is made to a hypothetical 
reservoir and to a reservoir located in an irregular 
aquifer. 


INTRODUCTION 


Development of methods for predicting behavior of 
petroleum reservoirs has resulted partially from adapta- 
tion of electrical and thermal flow concepts to the flow 
of fluids through porous media. 

Extensive investigation of electrical and thermal flow 
problems has resulted in mathematical solutions applic- 
able to many reservoir problems. The relative ease of 
measuring electrical flow has brought wide acceptance 
of the use of the potentiometric model to study certain 
field problems. 

Potentiometric models are restricted to the study of 
steady-state conditions because of the instantaneous 
response of electrical flow to changes in the applied 
potential. The electrical reservoir analyzer has been 
one of our most useful instruments for studying certain 
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phases of unsteady-state behavior’. Other than approxi- 
mation techniques, no method exists for determining 
pressure distribution in an irregular reservoir during 
primary depletion. 

Heat flow, like fluid flow, is inherently transient. The 
model described here was developed to use this transient 
nature of heat flow, measurable in the laboratory, to 
simulate transient flow of fluids in the porous medium 
of the reservoir above the bubble point. 

A metal plate shaped like the reservoir to be studied 
was heated by a “well” source. Temperature increase 
in the plate is analogous to pressure decline in the 
field if the field is being depleted, or pressure increase 
if fluid is being injected. 

This study is intended to determine the feasibility of 
using the transient nature of the heat flow to study 
the transient behavior of fluid flow. It is hoped that 
this new technique will aid in the understanding of one 
of the more complex phases of reservoir engineering. 


THE FLUID FLOW-HEAT CONDUCTION 
ANALOGY 


The similarity of the equations which describe the 
flow of fluids through a porous medium and the con- 
duction of heat through a solid is well known’. Rate of 
flow of fluids is given by Darcy's law’. 


while the rate of flow of heat is given by Fourier’, 


Combining Eq. 1 with the equation of continuity for 
a compressible liquid’, i.e., 


Op, 
3 
A+ (p,u) at, (3) 
results in 

Op, 

= 4 

(4) 
Expressing y in terms of the compressibility, i.e., 

(5) 


and by expanding the exponential and neglecting higher 
orders of cp one can obtain 


1References given at end of paper. 
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Op 

Eq. 2, when combined with the conservation of 
energy for the conduction of heat in a homogeneous 
isotropic solid", yields 

a Otn 
where a = K/p,C,. The similarity of Eqs. 6 and 7 is 
clear. The equations will be made exactly analogous 
by introducing the following dimensionless groups. 


(9) 
x 

and 
X Z 


The laboratory model must be properly scaled so 


pcul, 
and 
at 
es ( ) 
Eqs. 6 and 7 take the form 
A’p (14) 
and 
XT = 15 
T Dos (15) 


Equating tp, = tp, phenomena observed in the thermal 
model may be related to those in the reservoir, i.e., 


(16) 


THE HEAT CONDUCTION MODEL 


The model reservoir plate used for the study was 
constructed of Ys-in. thick brass of the shape shown 
in Fig. 1. The well was represented by a %-in. copper 
pipe soldered to the plate. The plate was heated by 
circulating hot water through the pipe. 

The plate was suspended in a constant 100°F tem- 
perature air bath. Convection and radiation losses were 
minimized by insulating the plate with a 2-in. layer of 
pyrex wool. 

The injection of fluid into a reservoir and the removal 
of fluid from a reservoir theoretically are described by 
the same equation. The isopotentials resulting from 
heating the plate with 150°F water and cooling the 
plate with 50°F water were mirror images. It was 
therefore possible to simulate either pressure depletion 
or build-up by heating the plate with the 150°F water. 
Such data indicated that the error in temperature 
measurement was less than 3 per cent of the tempera- 
ture range. 

The air bath temperature in the proximity of the 
plate was controlled within 0.1° F. Circulating water 
temperature was controlled to within 2.0° F. 

The temperature of the plate was measured by 
copper constantan thermocouples. A 16-point recorder 
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permitted measurements at the rate of one point every 
two seconds. A switching device permitted the recording 
of temperatures at 32 different points on the model 
reservoir. Temperatures on the plate were determined 
to within 0.2°F. 


SCA LIN G 


The hypothetical reservoir chosen to illustrate the 
use of the thermal model had the following charac- 


teristics. 


Shape—as shown in Fig. 1 

Length—10,900 ft 

Width—6,400 ft at the widest part 
Area—1,160 acres 

Porosity—25 per cent 

Volume of fluid in place—1950 bbl/acre-ft 
Liquid compressibility—5.3(10)-* 
Permeability Darcies 


—2.6, 
Porosity cp 


The model plate constructed to simulate the field 
reservoir had the following characteristics. 
Shape—same as the reservoir 
Length—10.9 in. 
Width—6.4 in. at the widest part 


Area—approximately 50.6 sq in. 
Thermal diffusivity—O.333 cm/sec 


The question arises as to how much time in the field 
corresponds to a second of time in the laboratory. This 
calculation is made by using Eq. 16. 


L, 
=a 
kK 

where t, = 2,445 sec field time/sec lab time. 
To determine the pressure in the reservoir correspond- 
ing to the plate temperature, Eqs. 8 and 9 are equated. 


Pi ~ Pw 
and 
T 
and for example if T is 140° F, 
150 — 140 


= 1,560 psi 
The average reservoir pressure is the weighted 
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average pressure found by planimetering the pressure 
contour map. It is an approximate solution for the 
expression, 

SpdA 


The volume of fluid produced was determined from the 


following expression: cumulative volume = c (p, — P) 
(reservoir volumes). 


CONCLUSIONS FROM THE 
RESERVOIR STUDY 


Figs. 1 and 2 indicate depletion isopotentials and 
streamlines for the two well locations after approxi- 
mately 66 production hours. The left half of each 
figure indicates the magnitude and position of the 
isopotentials. The right half shows the associated 
streamlines which have been constructed orthogonal 
to the isopotentials. 

It should be noted that under unsteady-state condi- 
tions the shape of the isopotentials change with time 
as well as the numerical value of the isopotentials. 


The shape of the isopotentials for each well location 
is radial near the well. The isopotentials indicate that 
flow remains radial for a greater distance from the 
well for location 2. 

The largest pressure gradient for both reservoirs is 
toward the bulk of the reservoir. This is particularly 
true for well location 1. 

Figs. 3 and 4 indicate isopotentials and streamlines 
for the two well locations after 200 hours of produc- 
tion. The data indicate results similar to those in Figs. 
1 and 2. However, close comparison reveals several 
important features. The pressures tend to be lower for 
well location 2. This is as expected since the reservoir 
is more nearly circular for this well position. 

A comparison of Fig. 1 with Fig. 3 and Fig. 2 with 
Fig. 4 shows that the isopotential and correspondingly 
the streamlines at the same location in the reservoir 
change shape. Indications are that early in the deple- 
tion of the reservoir the flow into the well is radial, i.e., 
fluid flows uniformly into the wells from all directions. 
Later in the depletion the majority of the fluid pro- 
duced flows into the well from the direction of the 
larger portion of the reservoir. This effect is present 
throughout the remainder of the period studied. 


Figs. 5 and 6 show similar information after 660 
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depletion hours. The cited comparisons are still in evi- 
dence, perhaps more clearly. 

Figs. 7 and 8 show the isopotentials and streamlines 
after 2,000 hours of production. The pressures, while 
lower in both cases, are relatively lower in Fig. 8. 
Radial flow does not occur in either figure except very 
near the well. 

Figs. 9 and 10 show the positions of the 1,140-psi 
isopotentials at various times. For example, Fig. 9 
shows that the lower portion of the reservoir is above 
1,140 psi for more than 2,000 hours. For well location 
2, no part of the reservoir is above 1,140 psi after about 
850 hours. 

Average pressure for well location 2 is lower through- 
out the depletion period studied. After 100 hours of 
production the average pressures for well locations 1 
and 2 are about 1,540 and 1,440 psi, respectively. The 
average pressure drops to 1,290 and 1,160 psi after 
400 hours of production (Fig. 11). At the end of the 
period studied, about 3,000 hours or four months, 
the average pressures are 1,020 and 985 psi. It becomes 
clear that well location 2 is the better location to achieve 
a rapid depletion of the reservoir. However, it should 
be mentioned that after an infinite period wells at either 
location would deplete the reservoir to the well pres- 
sure, 700 psi. 

Fig. 12 shows cumulative oil production for both well 
locations. Well location 2 yields higher cumulative pro- 
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duction than well location 1 throughout the period 
studied. After only 200 hours of depletion the cumu- 
lative production from well location 2 exceeds that of 
location 1 by 8,500 bbl. After periods of 400 hours (16 
days), one month, and three months the well in location 
2 yields greater production by 10,000, 8,000, and 3,000 
bbl, respectively. These data indicate the importance of 
proper position on the ability of a well to drain oil from 
a reservoir. 

The curves of Fig. 12 may be differentiated to obtain 
variation of production rate with time (Fig. 13). Rate 
of production in barrels per hour per foot of pay thick- 
ness is plotted along with ordinate with time along the 
abscissa. Rates are very high early in the depletion 
period and drop off rapidly for both well locations. Very 
early, i.e., before 100 hours of depletion, production 
rates are the same. For example, at 100 hours the rates 
for both cases are about 160 bbl/hr/ft of pay. The pro- 
duction rates for well location 2 are higher until about 
340 hours. The greatest difference is about 25 bbl/hr/ft 
of pay after 150 hours of production. After 340 hours, 
and throughout the rest of the period studied, the pro- 
duction rate for well location 1 remains higher than for 
well location 2. Recall though that Fig. 12 showed that 
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cumulative production remained higher for location 2 
for the total period studied. After about 4 months of 
production the rates for both well locations drop be- 
low 1 bbl/hr/ft of pay. With no driving mechanism 
other than liquid expansion, an economic minimum for 
this reservoir would be reached after only a few months 
of production. 

Fig. 14 indicates the transient pressures for several 
positions near the producing wells. Each curve applies 
to points equidistant from the well defined by the ratio 
of the distance from producing well to reservoir length. 
Results derived from the model pertain only where pres- 
sures near the well vary as shown on this figure. 


SUMMARY 


An application of the analogy between the flow of 
fluids through a porous medium and the conduction of 
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heat in a solid has been made. An analytical expression 
for this analogy was developed. 

Isopotential and streamlines were presented for two 
well locations at several times during production. Data 
were presented to indicate how the thermal technique 
may be used to predict the transient pressure distribu- 
tion, average pressure decline, cumulative oil produc- 
tion and production rate for a reservoir producing above 
the bubble point. 

Results indicate that well location 2 is more effective 
in depleting the reservoir than well location 1. The av- 
erage reservoir pressure drops faster for location 2 than 
for location 1, resulting in greater cumulative produc- 
tion throughout the period studied, the greatest differ- 
ence being about 10,000 bbl after 400 hours of produc- 
tion. 

An application is presented in which the thermal 
model represents a finite oil reservoir with a closed ex- 
terior boundary being produced by a constant bottom- 
hole pressure well. Another application may be made in 
which the plate simulates an aquifer containing a circu- 
lar oil reservoir as a ring of production. The pressure 
distribution can be predicted for a large, low permeabil- 
ity, specially shaped aquifer for which analytical expres- 
sions would hardly be tractable. 

The thermal model represents a new approach to one 
of the many complex problems encountered in the study 
of oil production. It represents a relatively easy method 
for obtaining answers to inherently difficult time depen- 
dent problems. 


CL A-T.U R E* 


DP. = pressure at the well 
*See AIME Symbols List in Trans. AIME (1957) 207, 363, for 
other symbol definitions. 
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p = average reservoir pressure defined by 
qx = rate of heat transfer 
ty, = dimensionless time defined by Eq. 12 
tp, = dimensionless time defined by Eq. 13 
t,, = laboratory time 
t, = reservoir time 
u = rate of flow of fluids 
xX, y, Z = general position variables 
Zp) = dimensionless position variables for res- 
ervoir 
C,, = specific heat 
K = thermal conductivity 
L,, = length of model 
L, = length of reservoir 
T;, = dimensionless temperature defined by 


Eq. 9 
T, = initial plate temperature 
T.. = well temperature on the model 


X, Y, Z = general position variables for model 
X;,, Yn, Zp = dimensionless position variables for model 
a = thermal diffusivity 
p, = Original fluid density 
p, = fluid density 
density of model 
= viscosity 
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Evaluation of Acid Treatments from Pressure 


ABSTRACT 


A method has been developed for 
evaluating acid treatments in frac- 
tured limestone fields by breaking 
down pressure drawdown into three 
component parts: (1) pressure differ- 
ential across “skin” near the bore- 
hole face, (2) pressure differential 
due to flow resistance in the coarse 
communicating fissures and (3) pres- 
sure differential between the fine 
voids and the coarse fissures. 


It is apparent that in most success- 
ful acid treatments the first term, 
skin resistance, has been reduced or 
eliminated. Further, it is often pos- 
sible to estimate the volume of 
coarse fissures associated with the 
second term, coarse fissure flow re- 
sistance. In cases where this volume 
is comparable with practical acid 
volumes it seems likely that this re- 
sistance also may be attacked with a 
suitably retarded acid. 


ENERO D.UCTIOwN 


Acid treatment has been success- 
fully applied as a general practice in 
the limestone wells in the Mara/ 
Maracaibo districts of Venezuela for 
some 10 years. At the same time the 
need has been felt for a more precise 
method of: (1) evaluating the effect 
of an acid job and (2) selecting 


Original manuscript received in Society 
of Petroleum Engineers office Oct. 80, 1957. 
Revised manuscript received Feb. 3, 1959. 
Paper presented at Second Annual Regional 
Meeting of Venezuela Petroleum Sections in 
Caracas, Nov. 6-9, 1957 and 33rd Annual 
Fall Meeting of Society of Petroleum Engi- 
neers in Houston, Tex., Oct. 5-8, 1958. 


Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the offices of 
the Journal of Petrolewm Technology. Any 
discussion offered after Dec. 31, 1959, should 
be in the form of a new paper. 
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Build-Up Analysis 


P, POLLARD 
MEMBER AIME 


wells which should benefit from an 
acid treatment. 

The following method, based on 
an analysis of build-up curves for 
wells producing from fractured lime- 
stone, provides a means of forecast- 
ing the effect acid will have on a 
well and in many cases the probable 
order of production rate increase 
which may be expected. In certain 
cases it is also possible to calculate 
the fissure volume through which 
the acid has to be displaced for best 
results. 

Various approximations are intro- 
duced in the method, but within the 
limitations of these the analysis gives 
an indication of how a well, whether 
previously acidized or not, may be 
expected to respond to acid treat- 
ment. 

Suitable build-up curves cannot be 
obtained on “tight” wells which do 


COMPANIA SHELL DE VENEZUELA, LTD. 
MARACAIBO, VENEZUELA 


not give sustained production and 
the method is not applicable to such 
wells. Figs. 1 through 7 illustrate 
various types of build-up curves ob- 
tained from limestone wells in Wes- 
tern Venezuela. Curves are included 
showing (1) both skin and coarse 
fissure resistance, (2) skin resistance 
only, (3 and 4) reduction of skin 
resistance by acidization, (5) fissure 
resistance only, (6) reduction of 
coarse fissure resistance by acidiza- 
tion, and (7) acidization failure. 

This theory has been successfully 
applied for over three years during 
which 22 acid treatments have been 
carried out specifically to reduce skin 
resistance and three treatments to 
reduce coarse fissure resistance. The 
method has been found to be a use- 
ful aid in the selection of wells for 
acidization. 


1000) 


SEE DIFFERENCE CURVE — f <4 
Plotted as Log (Ps — Py) vs time, : L | | 
(| | where Ps = final built-up pressure 7 SLOPE GIVES TOTAL COARSE 6 3| | f 
Pw = building up pressure at time t FISSURE VOLUME | 0.077 i 10 A | | Kee 2,258 Psi 
| 
SKIN RESISTANCE = 264 PSI AT 261 ni/D | | 
| | 
2 
\ SLOPE GIVES COARSE FISSURE VOLUME: 1,580 m BETWEEN WELL AND RESTRICTION | | | 
| | 
actual pressure 3 
build-up curve Skin resistance = 264 psi at 261 m/D 
above Coarse fissure resistance = 50 psi at 261 m/D 
Fair prospect for acidization to remove skin 
(Low FPI precludes a large production increase) 
50 100 200 250 300 
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TIME IN HOURS 


Fic. 1—Curve SHowine Botu Skin anp Coarse Fissure RESISTANCE A). 


Although this well shows considerable skin resistance (264 psi at 261 m?/D) the low PI indicates that 
a production increase of only about 90 m’/D can be expected if the entire skin is removed. This well is 
therefore classed as a ‘‘fair'’ prospect for acidization. 


PETROLEUM TRANSACTIONS, AIME 


DISCUSSION OF BASIC 
FORMULA 


It has long been accepted that a 
successful acid treatment caused an 
improvement in “skin effect” by im- 
proving the permeability in vicinity 
of the borehole. Quantitative evalua- 
tion of this has been difficult because 
the usual method of determining 
skin effect from the plot of pres- 
sure against log (T + 6)/@* has not 
given satisfactory results in the 


1References given at end of paper. 


Mara/Maracaibo limestone wells. 
This is because the permeability in 
the limestone is heterogeneous, both 
in type and distribution; whereas, 
the log (T + 6)/@ method was de- 
rived from assumptions of homoge- 
neous permeability and radial flow. 


A new theoretical approach to 
pressure build-up in fractured lime- 
stone wells has been developed by 
the production department of the 
head office of the Bataafsche Petro- 
leum Maatschappij in The Hague, 


TAU SKIN RESISTANCE | 
___| (Theoretical die-out time = 10.5 hours) Well B 
| | Skin resistance: 580 psi at 118 m/D 
eat | | production rate from 115 to 450 m4/D) 
| 
50 100 5 200 250 300 


150 
TIME IN HOURS 


Fic. 2—Curve SHowrne Sxin Resistance Onty (WELL B). 
The single straight line for the difference curve indicates that only one of the two kinds of resis- 


tance is effective. The estimated time taken for the well to fill up (see section entitled 


“Estimation of 


Time for Skin Resistance Effect to Become Negligible’') in this case is 10.5 hours, which is of the same 


order as that taken for the difference curve to die out. he 
““skin'' and the coarse fissure resistance is negligible at the flow rate prevailing hefore 


resistance is 
the survey (118 m*/D). 


It is therefore concluded that the effective 


This well was subsequently acidized and the production rate increased from 115 to 450 m°/D. 


| | RESISTANCE = 500 PSI AT 1,135 myp| | | 
|_| SKIN RESISTANCE 0 PS 135. my 
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TIME IN HOURS 
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SKIN RESISTANCE = 300 P 
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| | | 
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a 
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Fic. 3—Curves SHowine RepucTION oF SKIN RESISTANCE BY ACIDIZATION (WELL C). 


Treatment with 5,000 gal of 12.5 per cent HCI reduced the skin resistance from 500 psi at 1,135 
m3/D before acidization to 300 psi at 1,082 m°/D. The production rate was increased from 950 to 
1,390 m3/D. There is still room for further improvement as skin resistance still comprises some 50 
per cent of the total drawdown and this well is being considered for further treatment. 
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which is based on the assumption 
that the reservoir void space consists 
of two types: fine voids and coarse 
communicating voids. The theory 
takes into account (1) existence of 
a finite void system, (2) difference 
between the rate of flow of the well 
and the rate of flow between the fine 
voids and the coarse fissures, (3) 
pressure gradient in the coarse fis- 
sures, and (4) existence of resis- 
tance to flow (skin) between the 
coarse void system and the well. A 
formula is derived which expresses 
the building-up well pressure as a 
function of the closed-in time as 
follows. 

where C, D, a, a and a, are con- 
stants provided pressures prevailing 
in the reservoir are above bubble 
point. As pressures drop below bub- 
ble point approximations are intro- 
duced, but as all drawdown plots give 
nearly straight-line portions it ap- 
pears that the approximations are not 
of a large order. The constants may 
change, however, between surveys in 
the same well. 

The derivation of Eq. 1 is given 
in the Appendix. 

Each of the three exponential 
terms is related to a physical phe- 
nomenon, representing a concept on 
which the theory is based. 

The first term (C.e™°) is an ap- 
proximate expression of the differ- 
ence between the stabilized static res- 
ervoir pressure and the pressure in 
the coarse fissures and is dependent 
of the rate of flow into the coarse 
fissures from the fine voids. 

The second term (D.e™°) is an 
approximate expression of the pres- 
sure differential within the coarse fis- 
sures; that is, the pressure loss in- 
volved in the flow along the coarse 
fissures to the vicinity of the well. 

The third term, (p,.— Cae 
D).e*, is an approximate expres- 
sion of the pressure differential be- 
tween the coarse fissures near the 
well and the well; that is, the pres- 
sure difference across any skin which 
may exist at or near the borehole 
face. 

When a well is closed in the rate 
of flow into the well decreases rap- 
idly as the closed-in time increases. 
This means that the bottom-hole 
pressure equalizes with the fissure 
pressure near the well. As the flow 
rate decreases the pressure loss in 
the coarse fissures (the second term) 
also diminishes rapidly, but owing 
to the compressibility of the fluid 
and the volumes involved, not as 
rapidly as the third term. In many 
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wells it takes between 30 minutes 
and five hours for the second term 
to die-out, although in some cases it 
may still be appreciable after sev- 
eral days. 

In the later part of the build-up 
when the flow rates into the well and 
along the coarse fissures are prac- 
tically zero, the first term only is ef- 
fective; that is, the difference be- 
tween static reservoir pressure and 
the pressure in the coarse fissures, 
which diminishes as the coarse fis- 
sures are “repressured” with fluid 
from the fine voids. This takes place 
rather slowly. 

During the initial stages of build- 
up the average coarse fissure pres- 
sure is effectively constant and the 
build-up is then expressed by the 
third term alone; or in other words 
the early part of the build-up is due 
to the equalization of well pressure 
and coarse fissure pressure. In Eq. 1 
this means that a, is much smaller 
than a, and a, is much smaller than a;. 


GRAPHICAL REPRESENTATION 


As the three terms are exponen- 
tial, a plot of the logarithm of the 
pressure differential associated with 
any one term against time is a 
straight line. From a typical build-up 
survey a plot of log drawdown 
against time gives a curve as shown 
in Fig. 8. 

The straight-line RS represents the 
fine voids repressuring the coarse fis- 
sures after the second and third 
terms have become negligible. Ex- 
trapolation of this line back to zero 
time gives point 7, and the ordinate 
at T is the difference between static 
reservoir pressure and the average 
pressure in the coarse fissures at the 
instant of closing in.* This is the 
constant, C, in Eq. 1. (The remain- 
der of the total drawdown, QT, is 
the pressure loss in the coarse fis- 
sures plus the pressure differential 
across the skin). 

Referring again to Eq. 1, the first 
term (static pressure minus coarse 
fissure pressure) can now be elimin- 
ated by plotting the difference be- 
tween line TR and the curve OR; the 
value of TR being obtained from 
Fig. 8, and the values of OR from 
the measured drawdown. 

This gives a plot of log (average 
coarse fissure pressure minus well 
pressure) against closed in time rep- 
resented by the last two terms in 
Eq. 1. 

Again, after the third term (skin 
resistance) becomes negligible a 
straight line, VW, is obtained. This 


*Provided a3/(az — a1) is practically unity, 
which is nearly always the case. (See deriva- 
tion of Eq. 1 in the Appendix.) 
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is equivalent to the second term 
only of Eq. 1 and extrapolation back 
to 9 = 0 gives point X (see Fig. 9). 
The ordinate at this point is the con- 
stant, D, in Eq. 1 and is approxi- 
mately the difference between the 
pressure in fissures close to the well 
and the average coarse fissure pres- 
sure at the instant of closing in**, 
ie., the pressure differential in the 
coarse fissure system at the flow rate 
before closing in. 

The remaining component of the 
total drawdown is the difference, 
UX, which is the pressure differen- 


**Only true if as/(aa — a2) is approxi- 
mately unity, which is nearly always the 
case. (See derivation of Eq. 1 in the Appen- 
dix.) 


tial across the skin represented by 
the last term in Eq. 1 for the flow 
rate prevailing just before closing in. 
Thus, the total drawdown at the 
instant of closing in is divided graph- 
ically into three parts: (1) static res- 
ervoir pressure to average coarse fis- 
sure pressure, (2) average coarse fis- 
sure pressure to fissure pressure near 
well, and (3) fissure pressure near 
well to well bottom-hole pressure. 
The third part, pressure difference 
across the skin, can be reduced or 
eliminated by acid treatment. In fact, 
in the wells analysed to date it has 
been found that following an acidi- 
zation in which a surface pressure 
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Fic. 4—Curves SHowine Repuction oF SKIN RESISTANCE BY ACIDIZATION (WELL D). 


After completion of this well the production rate declined rapidly and the well died. A period 
of sporadic heading followed until a fairly steady flowing rate of some 35 m°/D was eventually es- 


tablished. 


The BHP survey before acidization shown 
the early period of high decline. 


in Figz 4, 
The survey after acidization shows that the treatment with 3,000 


and the acidization was carried out during 


gal of 10 per cent mud acid removed practically all the skin, and the production rate was increased 
from 100 to 190 m*/D, but the rapid decline continued. 

The BHP survey after acidization (Fig. 4) indicates that virtually all the drawdown in the well now 
occurs between the fine voids and the coarse fissures. The following explanation of the well’s behavior 
is suggested. The well is connected to a coarse fissure system of limited size and the initial produc- 
tion which declined rapidly was obtained by depletion of this system. The present rather modest pro- 
duction rate is maintained entirely by fluid from fine voids feeding the limited coarse fissure system. If 


this is true then the possibility of further 


improvement by acidization appears extremely remote. 
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Fic. 5—Curve Suowine Fissure Resistance ONLY — WitHout Skin (WELL E). 


The difference curve for this well is a straight line so that only one type of resistance is ef- 
fective. The calculated well ‘‘fill-up time’’ is 2.7 hours, very much less than the time taken for the 


difference curve to become insignificant. 


It is therefore concluded that the effective resistance is in 


the coarse fissures. The volume of fissures (570 m®%) associated with this resistance is fairly large and 
acid cannot be expected to have much beneficial effect. 
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T= Survey after acid treatment DRAWDOWN FROM A TypiIcAL BUILD-UP 
| | ' | FISSURE RESISTANCE REDUCED BY GEL-ACID TREATMENT 
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Fic. 6—Curve SHowrne Repucrion oF Coarse Fissure REsIstaNce BY 
AcIDIzZATION (WELL F). 
Time 


This example is discussed in detail in the latter part of the section entitled ‘*Graphical Repre- 
sentation.’' By displacing acid through the calculated volume of coarse fissures associated with resis- 
tance, the coarse fissure resistance was reduced from 750 psi at 840 m%/D (0.89 psi/m®/D) to 100 
psi at 1,000 m°/D (0.10 psi/m’/D). The potential of the well was increased from 550 to 1,150 
m3/D. Skin resistance in this well was insignificant, any skin which may have been present originally 
was probably removed by acid treatment prior to the surveys considered here. 
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fissure volume associated with re- 
sistance to flow an equivalent system 
is considered where all the resistance 
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Fic. 7—Curve ILLustratinc ACIDIZATION FAILurRE (WELL G). 


The survey taken before acidization shows that skin and/or coarse fissure resistance amounted to 
only 220 psi out of a total drawdown of 1,930 psi so that even if this resistance could be removed 
entirely only a small increase in production rate would result. The well was subsequently acidized 
with 6,000 gal of 10 per cent HCI with no resultant improvement in production rate. 


breakdown to zero occurred, the 
skin differential has been reduced to 
zero. It seems possible that the sec- 
ond part of the drawdown, pressure 
loss in the coarse fissures, may also 
be reduced by acid and analysis of 
several acid treatments indicates that 
this has been achieved in some cases. 

As detailed by the following dis- 
cussion, it is possible to estimate the 
volume of coarse fissures associated 
with resistance to flow, and in cases 
where this is of the same order as 
practicable volumes of acid, it seems 
likely that this resistance may be at 
least partially eliminated if the acid 
can be retarded and displaced into 
the restriction before becoming spent. 

A well in the La Paz field was se- 
lected for trial of this type acidiza- 
tion. The build-up curve, taken in 
March, 1953 (Fig. 6) showed no skin 
resistance and 750-psi coarse fissure 
resistance at 840 m’/D (0.89 psi/ 
m*/D) in a coarse fissure volume of 
60 m*. (Any skin which the well may 
have had previously was probably 
removed by acidization in Nov., 
1952, during which a complete pres- 
sure breakdown to zero was ob- 
tained.) Accordingly, the well was 
acidized on April 2, 1954, with 10,- 
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000 gal of 15 per cent gel-acid which 
was followed into the formation with 
125 bbl of oil. The average rate of 
displacement was 7.1 bbl/min with 
about 2,500-psi surface (pump) pres- 
sure. Three large pumps were used 
for rapid injection in order to dis- 
place the acid as far as possible from 
the borehole before it became spent. 
(Gel-acid was used to provide retar- 
dation as discussed shortly.) The re- 
sults were very encouraging, the pro- 
duction rate being increased from 
about 550 to 1,150 m*/D, and the 
survey taken after the acidization 
(see Fig. 6) indicated that the coarse 
fissure resistance had been reduced 
to 100 psi at 1,000 m’/D (0.10 psi/ 
m’/D). Thus, in this well the second 
part of the drawdown (resistance to 
flow in coarse fissures) was success- 
fully reduced by acid treatment. 

The first part of the drawdown, 
dependent on the rate of flow from 
fine voids into the coarse fissures, 
will presumably never be affected by 
acid treatment. 


ESTIMATION OF COARSE 
FISSURE VOLUME ASSOCIATED 
WITH RESISTANCE TO FLOW 


In order to estimate the coarse 


to flow in the coarse fissures is con- 
centrated at one point. The theory, 
re-developed to incorporate this as- 
sumption, results in the following 
formula which gives the volume of 
coarse fissures between the restric- 
tion and the well plus the well vol- 
ume in its relation to the slope of 
the “difference curve.” 

@ (Po, €s 
where V is volume of coarse fissures 
between restriction and well plus 
well volume, g, is production rate 


at instant of closing in the well in 
subsurface units, a, is slope of 


V= 


straight-line part of difference curve, 
c, is average compressibility of the 
fluids in volume V, p,, is average 


pressure in all coarse fissures at in- 
stant of closing in, Pr, is average 
pressure in coarse fissures between 
restriction and well at instant of 
closing in, and (p., — p’.,) is the 
ordinate at point X on the difference 
line. 

This formula is only valid if the 
volume, V, is small compared with 
the total volume of the coarse fis- 
sure volume. Further, analysis of the 
build-up curve gives no indication 
to what extent the basic assumption 
of a point restriction is correct. It is 
quite possible that the resistance 
is more-or-less evenly distributed 
throughout the coarse fissures. 


ESTIMATION OF TIME FOR 
SKIN RESISTANCE EFFECT 
TO BECOME NEGLIGIBLE 


In some wells the difference curve 
is just one straight line indicating 
that either the skin resistance or the 
coarse fissure resistance is negligible. 
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In order to decide which factor is 
effective and which is negligible, the 
time required for skin resistance to 
die-out can be estimated. If this es- 
timated time is of the same order as 
the time obtained from the differ- 
ence curve, then the effective factor 
is skin resistance; but if the estimated 
time is much less than the difference 
curve time, then the effective factor 
is coarse fissure resistance. 


Skin resistance becomes negligible 
when the rate of flow into the well 
tends to zero. This is estimated by 
calculating the cumulative inflow af- 
ter closing in from surface pressure 
build-up and bottom-hole pressure 
build-up. Dividing this by one-third 
of the flow rate before closing in 
gives approximately the time re- 
quired. 

The flow rate actually declines in 
some exponential form, but the av- 
erage figure of one-third of the ori- 
ginal rate has been found empirically 
from the several examples to give an 
approximation sufficiently close to 
distinguish between the two types of 
resistance. 


APPLICATION TO PARTICULAR 
WELLS 


The analysis only applies to zones 
which produce fluid. Obviously, in 
the extreme case of a tight well 
which does not give sustained pro- 
duction, a build-up curve suitable 
for analysis cannot be obtained and 
the possibility of improving such a 
well with acid cannot be forecast by 
the build-up method. 


A well which produces from two 
or more zones is more difficult to 
assess. The analysis gives the aver- 
age performance of those zones 
which produce the most fluid; in a 
well which has one good zone and 
other poor zones the performance of 
the good zone will probably mask 
the poor zones. 


Thus, in a well with, say, one 
good zone of negligible skin resis- 
tance and another poor zone of high 
skin resistance the build-up curve 
will show little or no skin. 

However, no satisfactory tech- 


nique has yet been evolved for 
acidizing a poor zone in a well 


DERIVATION OF FORMULA FOR PRESSURE 


BUILD-UP 


(barefoot completion) which also 
has a good zone. A reliable open- 
hole packer (removable) would be 
required for such a treatment. With 
present technique the acid will always 
tend to go into the good zone and a 
selective job is only possible if the 
permeability of the zone from which 
the acid is to be excluded is of the 
same order as, or less than, the per- 
meability of the zone to be acidized. 


This argument leads to the conclu- 
sion that the build-up curve analysis 
generally applies to those zones 
which are possible to acidize. 


When considering a well for acidi- 
zation the effect of previous acid 
treatments must be taken into ac- 
count. For instance, if a well still 
shows considerable skin resistance 
after treatment with large volumes 
of hydrochloric acid the skin effect 
may be due to shale (or even bridg- 
ing of the hole) and consideration 
should be given to treatment with 
mud acid. 


Ordinary hydrochloric acid may 
be expected to reduce or eliminate 
skin resistance. This resistance is 
close to the borehole and the acid 
has a good chance to attack the re- 
striction to flow before becoming 
spent. 

The resistance to flow in coarse 
fissures, however, may be some dis- 
tance from the borehole and until 
more data are forthcoming on the 
rate of acid reaction at reservoir 
temperatures and pressures, it is 
deemed advisable to use the slowest 
acting acid available when attempt- 
ing to reduce fissure resistance. At 
present this is thought to be gel-acid 
in which the acid is emulsified in 
gas-oil, the time required for the 
emulsion to break down giving re- 
tardation. For the same reason the 
acid should be displaced into the 
formation as rapidly as possible. 


NOMENCLATURE 


A,,A2,a,,B = constants 
= compressibility factor 
of fluids in coarse 

fissures 


*For other symbol definitions see AIME 
Symbols List in Trans. AIME (1956) 207, 


363. 


APPENDIX 


It is assumed that during a later stage of build-up 


the rate of flow from the fine voids into the coarse fis- 
sures (q,;) can be described by the following. 


=-V 
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c; = compressibility factor 
of fluids in the fine 
voids 

C» = compressibility factor 
of fluids in the well 

p. = average pressure in 
coarse fissure system 

p-, = value of p. at moment 
of closing in 

p, = pressure in the coarse 
fissures at wellbore 


p; = average pressure in 
fine voids 
P;, = value of p, at moment 
of closing in 
p. = original pressure of 
the reservoir 
p. = stabilized pressure in 
the reservoir after 
closing in 
Pw, — bottom-hole pressure 
at moment of clos- 
ing in 
q; = rate of flow from fine 
voids into the coarse 
fissures in subsur- 
face units 
Jw = rate of flow from the 
well in subsurface 
units 
V. = pore volume of coarse 
fissures 
V, = pore volume of the 
fine voids 
V,. = well volume 
9 = closed-in time 
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Eliminating q, results in 


Vic, dp, 


Neglecting storage capacity of the well compared to 
total void space of the reservoir gives 


q = 
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d Ds; d p. 
—V,c, 


or 
dp. V, G; dp; 


Elimination of p. from Eqs. 4 and 5 results in 
Vise: dé 
Remembering that for 6 = w, p,; =p,, and for 6 
— = p.,), the solution of 
Eq. 6 can be written as 


(6) 


where 
AAV ¢; V,, 
From Eq. 4 it now follows that 


If the rate of flow from the coarse fissures into the 
well (q.) is considered, it can be seen that 


q Ce (10) 


or 
Pw Dp c A, . 
During the latter part of the build-up the difference 
between p. and p’ will be negligible, but it is important 


during the early stages. Therefore, in order to arrive at 
a formula which can also approach the build-up during 
these early stages, it is assumed that the following re- 
lation exists between p. and p’. 


Combining Eqs. 9 and 12 gives 
Substituting the value of p’. from Eq. 13 into Eq. 11 
results in the differential equation, 
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Integration of Eq. 14 gives 
Po = Ps — Pia) 
a, 
Pw =) = Peo) a B 
or 
(15) 
where C = — Pe,) 
a; — a, 
A, 
and 
Vas Cw 


As long as the pressures prevailing in the reservoir 
are above the bubble-point pressure, c,;, c,, 41, and a: 
can be regarded as constants. That means that these 
constants should have the same value in the build-up 
curve under consideration as in the build-up curves 
obtained in the same well before, and of course also 
during the time of one build-up. 

On the other hand, a, depends on A, and c,, which 
are both functions of pressure and prevailing compo- 
sition of the oil and gas mixture in the well. The com- 
bined compressibility factor, c,, of the oil and gas 
mixture in the well will in general be smaller for higher 
pressures and finally approach the compressibility fac- 
tor of oil. Since A, is dependent on the relative per- 
meability to oil, it may be expected that A, will in- 
crease with increasing pressure. Consequently, a, will 
increase with increasing pressure. 

Since in the derivation of Eq. 15 it was assumed 
that A. c, and a, are constant during the entire period 
of the pressure build-up, it may be expected that, if a, 
is determined from the first part of the build-up curve, 
the theoretical values for p, from Eq. 15 at a later 
stage will be lower than the observed ones. kk 
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ABSTRACT 


The development of gas fields, oil fields and aquifers 
for storing natural gas is treated from two main view- 
points: (1) the volumetric storage capacity for gas in a 
given situation and (2) the prediction of the number of 
wells required for the delivery of gas. Other experiences 
in the design and operation of storage fields are in- 
cluded. 


Storage of natural gas in underground reservoirs near 
the terminus of long distance pipelines has been the 
prime factor in opening the space heating market to the 
natural gas industry. Storage has permitted a major 
increase in both the load and the load factor of pipe- 
lines; some are now operating at steady load through- 
out the year. Thus, underground storage has been 
responsible for the rapid increase in demand for natural 
gas in recent years. 

Three types of reservoirs have been used for gas stor- 
age: natural gas reservoirs, oil reservoirs, and water- 
bearing sands or aquifers. This paper presents the 
factors to be considered when developing gas storage 
reservoirs of these three categories. 

There are two prime considerations for any storage 
reservoir: (1) the volume of gas which a given reser- 
voir will store advantageously and (2) the number of 
wells needed to provide the required peak deliverability. 
These two problems will be considered for the three 
types of reservoirs just noted. 


STORAGE IN PARTIALLY DEPLETED 
GAS FIELDS 


Early storage operations consisted of replenishing 
the natural gas in a depleted gas field situated adjacent 
to the market. Today, newly discovered fields near the 
market may be considered for storage, and this dis- 
cussion applies equally to both types of reservoirs. 

For reservoirs originally containing gas or oil, the 
question of the impermeability of the cap rock nor- 
mally does not arise. However, such fields are likely 
to have many wells drilled either to or through the 
reservoir under consideration. Positive assurance must 
be obtained that such wells are or can be made mechan- 
ically tight. Corroded casings may need to be lined or 
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permanently plugged. Abandoned wells should be 
reopened and properly cemented. 

The volumetric capacity for gas storage depends upon 
space available in the porous rock as well as pressure 
and temperature of the gas in the reservoir. The pro- 
duction-pressure decline data on partially depleted gas 
reservoirs without water drive permit calculation of 
the reservoir space for gas. Isopachous maps of sand 
volume and porosity data for the reservoir rock provide 
an alternate method of calculating the pore volume 
for water-drive reservoirs. 

The pressure range selected for the storage cycle 
depends upon (1) the safe upper limit of pressure, 
(2) the flow capacity of wells and (3) compression 
requirements when injecting gas into the reservoir or 
delivering to market. Normally, gas and oil fields have 
pressures at discovery in the range of 0.43 to 0.52 psi/ft 
of depth. Pressures of around 1.0 to 1.2 psi/ft of depth 
appear to lift the overburden™ and invite uncontrolled 
movement of fluids in the porous rock. Some top pres- 
sure is normally selected for a storage reservoir ranging 
from below discovery pressure for deeper reservoirs to 
0.65 psi/ft of depth for shallower reservoirs. Pressures 
to 0.66 psi/ft have been experienced without difficulty. 
The lower pressure limit is set by water intrusion accom- 
panying low pressures, reduced flow capacity for wells 
at lower pressures and compression requirements. 

Depletion-type gas reservoirs often encounter water 
problems in the later stages of gas production. Such 
water intrusion may be due to movement from the 
surrounding aquifer. Accordingly, displacement of this 
water back into the aquifer by gas pressure and subse- 
quent surges of water corresponding to the gas storage 
pressure cycle must be considered. 

Storage fields often produce in four months a volume 
of gas equal to its initial content. Rapid decreases in 
reservoir pressure occur, such as 20 psi/day. Accord- 
ingly, closed-in pressure observation wells which reflect 
the pressure in the bulk of the reservoir are required 
for following the operation of the reservoir. 

It has been found that a plot of observation well- 
head pressures against gas content, Fig. 1, is very useful 
in observing operation of the field, checking the inven- 
tory and predicting future behavior. The plot is based 
on a given quantity of base or cushion gas in place. 

The injection and withdrawal curves may spread 
depending upon the homogeneity of the reservoir rock, 
permeability of the rock, well spacing and flow rates. 


8References given at end of paper. 
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such data are generally available for wells in partially 

depleted fields. Core data may be used to indicate the 
flow capacity of wells. 

The isochronal procedure of well testing is recom- 
mended; it employs a constant flow period starting 
from a closed-in condition for each flow rate*. Ordinary 
back-pressure data can be converted to equivalent iso- 
chronal curves’. The basis of the isochronal procedure 
is that the radius of drainage is the same for each 
flow point. Thus, a 30-minute isochronal test corre- 
sponds to a given radius of drainage. The stabilized 
performance curve will have the same slope as the 
short time curve but will be displaced toward lower 
flow rates an amount depending upon the radius of 
drainage under operating conditions. 

Various formulas may be used for predicting the 
radius of drainage of a well at selected times of flow. 
The following equation by Tek, Grove and Poettmann™ 
is used here. 


(1) 


ra = 0.0704 (= 
where r, is radius of drainage for flow time, /, ft; ¢ is 
flow time, hours; k is formation permeability, md; P is 
average flowing pressure in reservoir, psia; ¢ is forma- 
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tion porosity, fractional; and y. is gas viscosity, cp. 

Fig. 2 gives the 30-minute performance curve for a 
Michigan gas well completed in dolomite 40-ft thick. 
The formation has a permeability of 4 md and a porosity 
of 0.131. The gas has a gravity of 0.668, reservoir 
temperature 73° F and closed reservoir pressure, 1,337 
psia. Eq. 1 gives a radius of drainage for the well at the 
end of the 30-minute flow points of 79 ft. For gas stor- 
age wells on 40-acre spacing the performance curve 
will shift to that corresponding to a radius of drainage 
of 660 ft. The work of Tek, Grove and Poettmann 
may be simplified to predict the performance curve 
for the new radius of drainage. 


— 


in “| 


= 2 ? 
Q is flow rate, Mcf/D; P, is formation pressure, psia; 
P, is flowing sand face pressure, psia; r,, is wellbore 
radius ft; m is reciprocal slope of back-pressure curve; 
and subscripts 1 and 2 refer to flow times. 

For the cited dolomite, the flow time to reach the 
radius of drainage of 660 ft is computed as 34.4 hours 
by Eq. 1. Thus, for a fully drilled field on 40-acre 
spacing with all wells flowing equally, the stabilized 
performance curve for the well corresponds to an iso- 
chronal curve with 34 hours flow time. The value of 
C for this new radius of drainage is computed for the 
well of Fig. 2 as follows. 


where C = r, is radius of drainage, ft; 


[ 79 1.804 

660 (.0639) (0.704) 0.048 


At a given difference in squares (psia’) the flow rate is 
decreased in the same proportion as C and the 660-ft 
curve may be drawn. Similar calculations for 160-acre 
spacing were made and the calculated performance 
curves are included in Fig. 2. 

Performance of an unstimulated well can be perdicted 
from core analyses and well spacing’ from Eq. 3 when 
the in situ permeability is known. 
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h’ 

where P, is pressure at initial position, psia; P, is pres- 
sure at final position, psia; z is compressibility factor for 
gas at average condition; T is flowing temperature, °R; 
h is formation thickness, ft; G is gas gravity; r, is radius 
of initial position, ft; r, is radius of final position, ft; 
and £8 is turbulence factor which is given by Fig. 3. 

Once the flow capacity of individual wells is avail- 
able, the well spacing can be obtained for a specified 
field performance. 


FIELD DELIVERABILITY 


Those fields which provide peak load delivery will be 
designed to supply gas at a specified rate when the 
field contains a given quantity of gas. 

In Michigan the degree day deficiency accumulates 
to 72 per cent of the seasonal requirement by the end 
of February. Peak loads may be expected as late as 
this date. Recognizing that the pipeline serves part of 
the spacing heating load and that distribution includes 
commercial and industrial loads, only 20 per cent of the 
season storage requirement may be in the reservoir on 
the last date at which the field is expected to give peak 
load delivery. When several storage fields are used, it 
is advantageous to hold a large portion of this 20 per 
cent in that field which has the highest flow capacity. 
When the balance of gas in storage is predicted, Fig. 1 
gives the field pressure. 

Given the field pressure and the peak market demand 
from storage, an economic study will give the total well 
requirement and compression for the minimum invest- 
ment and operating expense. An important factor in 
this study is the maximum “drawdown” (P, — P,) 
permitted for the flowing wells. In actual practice, one 
determines the field flow capacity required and pro- 
ceeds to drill enough wells in an approriate spacing pat- 
tern to reach this total. Fig. 4 gives the performance 
curve for the Goodwell storage field. 

Calculations may be made of the delivery pressure 
from the field to the compression station or to market 
when the pressure losses in the gathering system may 
be predicted and the field performance curve is avail- 
able. Fig. 5 shows such a chart for Goodwell field. The 
initial prediction for Goodwell gave average delivery 
pressures at the station 4 psi from the results obtained 
by flow calculations. In this prediction, factors to be 
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considered are differences between average field pressure 
and the observation well pressures, gas hydrate accumu- 
lations in gathering lines and possible well performance 
deterioration during the season due to water intrusion. 
The maximum safe withdrawal curve in Fig. 5 is the 
result of stipulating maximum drawdown flowing pres- 
sures at various field pressure levels. 

Over a period of several years it is normal to expect 
some deterioration in well performance due to such 
factors as water intrusion causing salt deposition or 
accumulation of shale cavings in the wellbore. Periodic 
flow tests on individual wells will reveal their condition, 
and remedial procedures can be prescribed. Experience 
indicates that either input or output flow tests may 
be used during normal injection or delivery operation”. 
Fig. 6 shows periodic flow tests on a storage well. 


CONVERSION OF OIL FIELDS 
TO GAS STORAGE 


Several partially depleted oil fields have been con- 
verted to gas storage’*. The first factor to be considered 
is the oil recovery mechanism, gas drive or water drive. 
For gas-drive fields a material balance calculation 
employing cumulative oil and gas production gives 
the reservoir space available for gas storage. Secondary 
recovery of oil will increase the capacity of the reservoir 
for gas storage. 

Secondary recovery of oil should be considered both 
from the economic value of the oil and possible inter- 
ference with gas flow by the oil. Gas storage operations 
normally will start at the top of the reservoir structure 
because gravity drainage will cause oil production and 
interference on the down structure wells. The develop- 
ment time schedule for the field may include a period 
for oil recovery without significant gas withdrawal. 

The flow capacity of wells for gas may be calculated 
from flow rates and flowing pressures (productivity 
index) of oil wells and the formation thickness or from 
core data. The permeability of the formation may be 
computed from a flow test on an oil well by Eq. 4°. 


In 
OQ, Bu. 


where Q, is oil rate, STB/D; B is formation volume 
factor; 4. is viscosity of reservoir oil, cp; P is pressure, 
psia; r is radius, ft; e is position from which oil is 
flowing; and w is wellbore. When the permeability has 
been computed by Eq. 4 or is known from core analy- 
ses, the information for solving Eq. 3 is available. 
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Gas stored in contact with crude oil will be enriched 
with intermediate hydrocarbons such as butane and 
pentanes plus. It may be profitable to recover these 
hydrocarbons from the produced gas, or it may be 
necessary to strip the gas to prevent condensation in the 
pipeline. A rise in the heating value may be expected. 


AQUIFER STORAGE 


Natural gas is stored in sands originally containing 
water’. The design of such aquifer storage is concerned 
with the tightness of the cap rock, the rate of water 
movement in the aquifer due to pressure differentials 
and the prediction of well capacity for gas flow. 

Once a structure is found, the next step in developing 
aquifer storage is to core the cap rock and storage 
zone. The desired cap rock is a continuous impervious 
shale, thick enough to assure continuity over the struc- 
ture and provide a satisfactory seal when cementing 
the casing. Shale should have a permeability of 10° to 
10° md. Impervious dolomite or limestone can pro- 
vide a tight cap rock. Cores should be examined for 
any fractures or solution vugs, to indicate any possible 
leak channels not due to permeability. Should leaks 
develop, gas can be collected in shallow zones and 
recycled or sold to market. 

The ideal situation is to find a clean permeable sand 
just below the cap rock. Low permeability rock below 
the cap which will fill with gas has the net effect of re- 
ducing the closure and absorbs inactive gas. The por- 
osity, permeability and capillary retention of water 
thould be determined on cores of the storage strata. The 
norosity and capillary retention provide the basis for 
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computing the gas content for various water table po- 
sitions. 

Well flow capacity may be computed from core data 
as just described. The effective permeability of the 
strata may be greater than that of the matrix sand as 
represented by cores. A water pumping test may be 
used to evaluate the permeability, using a steady flow 
equation such as Eq. 4 or unsteady-state formulas with 
pressure build-up, as presented by Horner’. 
5,550 

(5) 
where P,, is bottom-hole pressure in well during build- 
up, psia; P, is initial uniform aquifer pressure, psia; 
q is steady rate of production of well, gal/min; wy is 
water viscosity, cp; k is reservoir permeability, md; 
h is formation thickness, ft; t, is closed-in time, hours; 
and tf, is pumping time, hours. 

In case the production rate is not constant during 
the pumping test, the last established production rate is 
used for g and then the pumping time is obtained as 
the total accumulative production divided by the last 
established pumping rate. The slope of the curve P,, 


5,550 qu 

is equated to 
of the in situ permeability obtained when py, q and h 
are known. 

The computation of water movement away from a 
gas bubble in unsteady state may be computed using 
the method of Van Everdingen and Hurst”. 

where g is cumulative flow, thousands of cubic feet of 
water; c is water and formation compressibility, 
V/V psi; r, is radius of gas bubble, ft; AP is pressure 
in gas bubble minus original aquifer pressure, psi; Q, 1s 
dimensionless flow, a function of dimensionless time; 

_ 0.00633 kt. 
cosity of water, cp. 

Consider the behavior of aquifers of various per- 
meabilities, all having the other properties as follows: 
thickness, 100 ft; porosity, 0.18; compressibility of 
water, 7 X 10° V/V psi; viscosity of water, 1.0 cp; 
radius of gas bubble, 2,000 ft; pressure difference be- 
tween bubble and original aquifer, 300 psi; pressure in 
gas bubble, 1,100 psia (original aquifer 800 psia, 1,850- 
ft deep), and gas bubble temperature, 75°F. The stored 
gas has a gravity of 0.6. 

q = 0.00628 X 0.18 X 7 X 10° X 100 X (2,000)° 
xX 300 O, = 950 OQ, 


P, =P, — 


vs logo and the value 


t is time of flow, days; and yp is vis- 
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0.00633 kt 
0.18 X 1.0 X 7 X 10° X (2,000)? 
= 0.00125 kt 

The relationship between ¢, and Q, is given by tables 
in Ref. 11. Fig. 7 shows the relationship between time, 
gas injection rate and reservoir permeability, with the 
gas bubble containing 86 cu ft of gas per cubic foot of 
space. 

In case the water movement out into the aquifer is 
slow because of low permeability, the suggestion may 
be made that water can be pumped out or relief wells 
allowed to flow. In general, the low permeability limits 
the individual well capacity unless some stimulation 
procedure is used. The steady-state flow formula may 
be used to predict pumping rates. Full penetration of a 
12-in. hole in the cited reservoir with a 500-ft radius for 
steady flow and a SO per cent effectiveness for gas dis- 
placing water are used. For these conditions, 

where Q is gas injection, Mcf/D; and H,, is feet of 
water, drawdown by pump. 

Table 1 gives computed gas injection volumes which 
will occur when pumping one water well under the 
conditions given. The results show that low permeability 
handicaps the capacity of water withdrawal wells to the 
same degree that it handicaps aquifer displacement. 
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BEHAVIOR OF AQUIFERS WITH CYCLIC 
PRESSURES 


Gas storage operations create cyclic pressures which 
are high in late summer and low in the spring. Such 
pressure changes will cause water movement into and 
out of aquifers in contact with the gas reservoir. It has 
been found that considerable water movement can oc- 
cur in gas fields not classed as water drive. 


As a rough approximation, one would expect that the 
net movement of water into and out of an aquifer 
would be minimized when the pressure on the gas in 
the reservoir is as much above the original aquifer 
pressure as it is below it. The product of pressure above 
or below the datum and the days permits a summation 
of pound-days for the annual cycle. 
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DIFFERENT PERMEABILITY. 
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TABLE 1—-COMPUTED GAS INJECTION INTO AN AQUIFER AS A RESULT 
OF PUMPING ONE WATER WELL 


Met 

Time of Sand Drawdown Pumping injected 
pumping permeability on pumping rate during 
(days) md (k) well, ft (Hw) (gpm) | : period 

wan 10 200 4.8 39.2 

1 10 400 9.6 78.4 

500 10 400 9.6 39,200.0 

1 1,000 400 960.0 7,840.0 

500 » 1,000 400 960.0 1,960,000.0 


The fellowship sponsored at the U. of Michigan by 
the Michigan Gas Assn. is concerned with the predic- 
tion of water movement into and out of aquifers dur- 
ing storage cycles“. The results to date indicate a small 
growth in the gas bubble size for cycles with a zero 
summation of pound-days. It is hoped that results will 
be obtained which will permit the prediction of water 
movement for any gas storage cycle when the gas is in 
contact with water. These calculations will make pos- 
sible the estimation of inventory volumes of gas for res- 
ervoirs with slow moving aquifers and the determination 
of gas reservoir pressures during withdrawals for reser- 
voirs with more rapid water movement. 
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Eftect of Gas Saturation on Static Pressure Calculations 
from Two-Phase Pressure Build-Up Curves 


ROBERT E. COOK 
JUNIOR MEMBER AIME 


This paper presents results of a study to determine 
to what extent errors in estimated free gas saturation 
affect the results of static pressure calculations from 
build-up curves in two-phase systems. Use is made of 
the method of pressure build-up curve analysis de- 
veloped by Miller, Dyes and Hutchinson’, with modifi- 
cations for two-phase flow advanced by Perrine’. Com- 
bined fluid compressibility of gas-oil mixtures is in- 
cluded, with special attention given to the discontinuity 
that occurs in fluid compressibility at the saturation 
pressure and its effect on static pressure calculations 
from build-up curves. The sensitivity of static pressure 
calculations to errors in gas saturation is considered 
over wide ranges of formation and fluid properties and 
reservoir pressure conditions. 

It is concluded from this study that for analyses of 
two-phase pressure build-up curves (1) the use of under- 
saturated crude compressibility data, even when pro- 
ducing GOR’s are at or near solution values, will re- 
sult in very significant negative errors in calculated 
static pressure, and (2) except for large values of build- 
up curve slope and/or very low crude gravities, rather 
large errors in calculated gas saturation can be toler- 
ated without significant effect on calculated static pres- 
sures. The conclusions are qualified as referring only to 
the effects of gas saturation and exclude nossible errors 
in the numerous other factors that enter into the an- 
alysis of pressure build-up curves. 


As part of the analysis of basic data for several ma- 
jor Eocene reservoirs in the Bolivar Coastal field (Wes- 
tern Venezuela), it was necessary to analyze a large 
number of pressure build-up curves for oil permeability 
and static reservoir pressure. From performance data it 
became apparent that gravity segregation is very active 
in these reservoirs. As a result of this performance it 
was recognized that the free gas saturation within the 
oil leg of the reservoirs would be small but would be 
subject to certain errors in calculation due to the inac- 
curacy of relative permeability data in the low gas satu- 
ration region. Since all of the various methods of 
build-up curve analysis were originally derived for sin- 


Original manuscript received in Society of Petroleum Engineers 
office July 7, 1958. Revised manuscript received Dec. 5, 1958. Paper 
presented at 33rd Annual Fall Meeting of Society of Petroleum 
Engineers in Houston, Tex., Oct. 5-8, 1958. 
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gle-phase, constant compressibility systems, and since 
the presence of a small but rather indeterminate gas 
saturation would greatly affect the reservoir fluid com- 
pressibility, a study was undertaken to investigate the 
effect of gas saturation on the results of two-phase 
pressure build-up analyses. 


TWO-PHASE BUILD-UP CURVE ANALYSIS 


The method of analysis used in this investigation is 
basically that originally developed by Miller, Dyes and 
Hutchinson’, with modifications for two-phase flow ad- 
vanced by Perrine*. Miller, et al, showed that the ori- 
ginal equation for single-phase permeability away from 
the wellbore, 


162.6 Bipods 
1 
mh 


held for two-phase flow except that the calculated per- 

meability is the effective permeability to oil away from 

the wellbore. This finding was acknowledged by Per- 

rine, who also presented the equation for effective gas 

permeability* as 

162.6 B,u, 
mh 

Since Eqs. | and 2 contain no terms influenced by 
fluid compressibility, no distinct problem should develop 
in calculating permeability from two-phase build-up 
curves. 

In regard to the calculation of static reservoir pres- 
sure from build-up curves in single-phase systems, the 
modified Miller, et al, method as presented by Perrine 
is briefly as follows. 

1. From build-up curve data, PVT data for the res- 
ervoir fluid and the well spacing and sand thickness, 
calculate the dimensionless shut-in time corresponding 
to the highest value of actual shut-in time (t, hrs) on 
the straight-line portion of a semi-log build-up curve. 
Dimensionless shut-in time is related to actual shut-in 
time by the relation, 


= 0.000264 kt 


2. From a graph of dimensionless shut-in time vs 
dimensionless pressure difference (Fig. 1)* find the 
value of dimensionless pressure difference correspond- 


ing to the value of t calculated under (1) above, Dimen- 


k, == (R R.) Qo 5 (2) 


*Eq. 2, of course, considers the gas phase to be uniformly dis- 
tributed over the thickness (h). However, in the case of segregated 
flow of the two phases within the interval open to production, 
separate values of h must be estimated for each phase. 


A9 


sionless pressure difference is related to actual pres- 
sure difference between measured pressure at time (f) 
and true static pressure by the relation, 

AP. 0.00708 kh(P, — P,) 


Bo 
3. Calculate P, from the relation, 
m 
[PP (75) ) 


In the case of pressure build-up in two-phase sys- 
tems the build-up is not only a result of oil flow into 
the low pressure area around a well but also of free 
gas flow, which becomes the controlling phase at rather 
low gas saturations. Therefore, it would seem logical to 
introduce terms into the dimensionless time function 


(1) which relate to total fluid flow in order to apply the 
cited procedure to build-up curves in two-phase sys- 
tems. This is precisely the approach which Perrine pro- 
posed as a modification to the original Miller, et al, 
method. First, in Eq. 3 the single-phase mobility k/p, is 
replaced by 


k is 
Ho Mo 


where the permeability-viscosity ratios of the two phases 
are calculated from Eqs. 1 and 2 as 
162.6 B.q, 


bo mh 

and 
k, 162.6 B, 
— = ———(R—-R,)q.. ... . (8) 
mh 


Eq. 3 is further modified for two-phase flow by re- 
placing the oil compressibility (c,) by the combined 
two-phase fluid compressibility (c,). 

Multiphase build-up curves for a wide range of gas 
saturations and saturation distributions were calculated 
by Perrine using the IBM-701 computer and the solu- 
tion of the equations of unsteady-state two-phase flow 
reported by West, et al’. The cited modified Miller, 
et al, method of analysis of two-phase build-up curves 
was then employed to calculate effective oil permeabil- 
ity and static pressure from the computed build-up 
curves. The results of the calculations agreed very 
well with the actual values considered in the IBM cal- 
culations, thus indicating that the assumptions of con- 
stant fluid compressibility away from the wellbore and 
steady-state conditions at shut in, which are made in 
the Miller, et al, derivation, appear reasonable. 


TWO-PHASE FLUID COMPRESSIBILITY 


The combined two-phase fluid compressibility can be 
calculated by the following relation: c, = (gas satura- 
tion) (free gas compressibility) + (oil saturation) 
(added compressibility due to gas released from solu- 
tion — oil shrinkage); 
or, symbolically, 


AP 100 B, dP 

1 dB, 


It is assumed in Eq. 9 that the solution GOR curve, 
and thus the oil formation volume factor curve, are 


*Miller, et al, and Perrine presented a second graph of t vs AP t 
for the case of constant pressure at the drainage boundary. How- 
ever, as this case is found infrequently in practice it was not con- 
sidered in this study. 
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completely reversible. That is, sufficient surface contact 
area exists between the oil and free gas in a two-phase 
system so that the same volume of gas will re-dissolve 
per psi pressure increase as had been liberated per psi 
pressure decrease. According to work by Higgins* there 
is a certain amount of undersaturation during repres- 
suring of an oil-gas system in a porous medium. How- 
ever, based on the results of Higgin’s work, it can be 
shown that the degree of undersaturation should be ex- 
tremely small for uniform distribution of the phases, 
even under rates of pressure change encountered in 
pressure build-up tests. 

Upon making the substitutions for fluid mobility and 
compressibility in the dimensionless shut-in time func- 
tion (Eq. 3) the static pressure in a two-phase system 
is calculated in the same manner as that for a single- 
phase system. 


It is noted from Eq. 9 that an estimate of free gas 
saturation is required in calculating combined compres- 
sibility, which in turn requires material balance calcu- 
lations or relative permeability data. Gas saturations 
calculated from either of these sources are subject to 
certain error, especially when gravity segregation is 
active and gas saturation is small. Since the term in 
Eq. 9 involving compressibility of free gas is quite 
large, it is apparent that a small error in calculated gas 
saturation will cause a significant error in the combined 
compressibility of a two-phase system. 

Fig. 2 shows the combined compressibility of a two- 
phase system vs gas saturation for reservoir pressure 
levels of 1,000, 2,000 and 3,000 psig. These curves 
were calculated from Eq. 9 for a 40° API crude and 
its associated gas from the Lake Maracaibo Basin. 
Shown also on Fig. 2 is the compressibility of the 
crude in the undersaturated state immediately above 
the bubble-point pressure so as to more clearly indicate 
the discontinuity that occurs in fluid compressibility at 
the bubble-point. Thus, it is important to note that the 
two-phase compressibility does not increase proportion- 
ately with gas saturation from that value for the under- 
saturated crude. 


RANGE OF VARIABLES CONSIDERED 


From Eqs. 3 and 5 it is seen that the main variables 
affecting the calculation of static pressure Chae 


dimensionless shut-in time (f) and build-up curve slope 
(m). Since the combined fluid mobility employed in 


the equation for f is determined from production and 
build-up data using Eqs. 6, 7 and 8, which contain no 
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terms involving gas saturation, it follows that the only 
term in the equation for 7 that is determined directly 
from gas saturation estimates is the combined fluid 
compressibility (c,;). From Eq. 9 it can be seen that 
combined fluid compressibility is also a function of pres- 
sure and PVT properties. For the purpose of this study 
the PVT properties have been combined as a function 
of crude gravity. Therefore, to study the effects of gas 
saturation on calculated static pressure it was necessary 
to include those effects over certain ranges of dimen- 
sionless shut-in time (7), build-up curve slope (mm), res- 
ervoir pressure (P,) and crude gravity. 


Values of dimensionless shut-in time (7) were chosen 
at intervals of 10°° between 10% and 10%, and values 
of build-up slope (m) were chosen at 30, SO and 100 
psi/cycle. 

Bottom-hole fluid sample analyses for selected crude 
gravities of 18°, 25° and 40° API, representing in or- 
der, low, medium and high gravity crudes, were chosen. 
Combined fluid compressibilities of two-phase mixtures 
of these crudes and their associated gases were calcu- 
lated over a range of gas saturation from 0 to 100 per 
cent of hydrocarbon pore volume and from 1,000- to 
2,500-psig pressure for the 18° and 25° API samples 
and from 1,000 to 3,000 psig for the 40° API sam- 
ple. The results of these calculations for the 40° API 
sample are shown in Fig. 2. The combined fluid com- 
pressibility-gas saturation curves for all samples showed 
the higher gravity crude-gas mixtures to have higher 
compressibilities but lower slopes for any given pres- 
sure. It should be noted, however, that the data in Fig. 
2 represent the particular 40° API sample employed in 
the analysis, and does not necessarily represent pre- 
cisely other crudes of 40° API gravity. 
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PROCEDURE 


The procedure applied to study the effects of gas 
saturation on calculated static pressures was simply to 
choose a set of values for true dimensionless shut-in 
time, build-up curve slope and true reservoir pressure 
for a particular crude gravity. A reference condition 
of 0 per cent gas saturation was used for all cases*. 
For the assumed true value of f the corresponding value 
of dimensionless pressure difference (AP,) was found 


from Fig. 1. For that value of AP, and the assumed 
values of build-up slope (m) and true static pressure 
(P,), the corresponding value of maximum recorded 
build-up pressure (P,) was calculated from Eq. 5. The 
calculated combined fluid compressibilities for 0 and 10 
per cent gas saturation were then chosen for the par- 
ticular pressure and crude gravity. Multiplying the as- 


sumed true value of ¢ by the ratio of combined com- 
pressibility at 0 per cent gas saturation to that at 10 
per cent gas saturation gave the value of t that would 
then be calculated for the build-up analysis if an er- 
roneous 10 per cent gas saturation had been estimated 
in place of the true assumed reference condition (i.e., 
0 per cent gas saturation). For this “erroneous” value 
of t the corresponding value of AP, was then obtained 


from Fig. 1. From this value of AP,, the previously cal- 
culated value of maximum recorded build-up pressure 
(P,), and the assumed value of build-up slope (m), 
the erroneous static pressure (P,) was calculated from 
Eq. 5. Values of gas saturation equal to 20 and 30 
per cent were then assumed and the calculations re- 
peated. The entire computational procedure was then 
repeated for all combinations of variables considered. 


DISCUSSION OP ORE SU 


For each assumed combination of (1), true P, and 
crude gravity, calculated results were obtained similar 
to those in Fig. 3. This figure shows calculated static 
pressures over a range of gas saturation “error” from 
0 to 30 per cent in an 18° API gas-oil system. These 
results correspond to a (ft) value of 10°, true P, of 
1,800 psig and the values of build-up slope (m) shown 
on the curves. It can be seen from Fig. 3 that for a 
build-up (m) of 30 psi/cycle, the calculated static pres- 
sure increases 12 psi (from 1,800 to 1,812) over the 
range of gas saturation error from O to 30 per cent. 
For m = 50 psi/cycle this increase is 20 psi; for m = 
100 psi/cycle the increase is 40 psi. 

Shown also in Fig. 3 are calculated static pressures 
that would be obtained if the undersaturated crude 
compressibility, rather than the saturated crude com- 
pressibility at O per cent gas saturation, had been em- 
ployed in the calculations. Under this condition the er- 
ror in calculated static pressure would range from — 30 
psi for a build-up slope of 30 psi/cycle, to — 100 psi 
for a build-up slope of 100 psi/cycle. Thus, the sig- 
nificance of the compressibility change at the bubble 
point is further emphasized. The difference between 
true assumed static pressures and calculated values using 
understaurated crude compressibility are plotted in Fig. 
4. It can be seen from Fig. 4 that the error resulting 
from the use of undersaturated compressibilities rather 
than saturated values increases in absolute value for 


*Although such a condition would hardly be found in practice, 
it is considered as an instantaneous value and only as a reference 
condition. 
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lower values of dimensionless shut-in time (f), true 
static pressure (P,) and crude gravity. The results 
shown in Fig. 4 are for a value of build-up slope 
(m) = 100 psi/cycle. From Eq. 5 it can be seen that 
a change in AP,, resulting from a change in (1), would 
cause a change in calculated static pressure (P,) which 
is in direct proportion to the build-up slope (7m). There- 
fore, the calculated errors in static pressure for values 
of m other than 100 would be merely those values 
shown in Fig. 4 multiplied by the ratio, m/(100). 


The curves of calculated pressure vs gas saturation 
in Fig. 3 are noted as having slight curvature, with 
greater slope in the low saturation region. However, 
the majority of those curves for the other combinations 
of variables are essentially linear. The slope of these 
calculated pressure vs gas saturation curves for each set 
of assumed conditions was considered to be the result- 
ing error in calculated static pressure (FE,,) per unit 
error in calculated gas saturation (F,,). In those cases 
where a constant slope did not result, that value be- 
tween 0 and 10 per cent gas saturation was used. These 
slope values were then employed as sensitivity parame- 
ters to correlate the effects of each variable on the sen- 
sitivity of calculated pressures to errors in gas satura- 
tion, 


Fig. 5 shows the influence of true static pressure level 
and crude gravity on the error in calculated pressure 
per unit error in calculated gas saturation (hereinaf- 
ter referred to as “sensitivity”). It can be seen from 
Fig. 5 that the sensitivity to gas saturation errors is 
greater for reservoirs producing low gravity crude. Also, 
the sensitivity appears to increase with pressure up to 
a maximum and then, for the 40° API sample at least, 
to decrease at higher pressures. The peaks of the sen- 
sitivity-pressure curves seem to occur at increasing 
pressures for lower gravity crudes. The data for Fig. 
5 were calculated for the conditions of 7 = 107° to 
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10° (Fig. 6 will show sensitivity to be essentially con- 
stant over this range of tT) and build-up slope (m) = 
100 psi/cycle. Here again, however, the sensitivity 
would be directly proportional to build-up slope. 
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Fig. 6 shows the influence of true dimensionless shut- 


in time (ft) and crude gravity on the sensitivity. It is 
noted that sensitivity is rather independent of f over 
the range of ¢ = 10° to 10°, but that it becomes less 
between and Thus, for build-up analyses 
of wells producing from high permeability sands on 
close spacing the sensitivity of the calculated pressures 
to errors in gas saturation could be less than for wells 
in tight formations on wide spacing. 

It should be pointed out here that Miller, et al, noted 
in their original work that due to continued production 
into a well after shut in at the surface, and due to pos- 
sible wellbore damage, the proper portion of a field 
build-up curve to be used for analysis should lie be- 
tween values of (f) equal to 10% to 10°. It has been the 
author’s experience in Venezuela that, because of excep- 
tionally large drainage radii and two-phase fluid com- 
pressibility, calculated values of (f) lie between 10° to 
10°, even after prolonged shut-in time. However, the 
straight-line build-up curves in this range, aside from 
being very distinct, result in calculated permeabilities 
that agree very well with productivity index calcula- 
tions and core analyses. 

Perhaps a more practical way in which to express 
the sensitivity of calculated static pressures to errors in 
gas saturation would be to determine the error required 
in calculated gas saturation to cause a fixed error in 
calculated static pressure. Inasmuch as an error in cal- 
culated static pressure within the accuracy of a bot- 
tom-hole pressure bomb would have little significance 
as an actual error, it was decided to use an estimated 
accuracy of a pressure bomb as that fixed error in cal- 
culated pressure. Utilizing a conservative estimate of 
5 psi as bomb accuracy, the curves of Fig. 7 were con- 
structed. This figure shows the required error in cal- 
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culated gas saturation to cause a 5-psi error in calcu- 
lated static pressure, as influenced by build-up slope and 
crude gravity. For this figure the range of build-up slope 
was extended to 180 psi/cycle; the required gas satura- 
tion error being simply inversely proportional to m. 
The data shown in Fig. 7 are for the conditions of 


t = 10°* to 10° and true static pressures corresponding 
to the maximum sensitivities observed in Fig. 5. Thus, 
the curves of Fig. 7 reflect the maximum sensitivities 
encountered in the range of variables considered. It is 
significant to note that even for these conditions of 
maximum sensitivity, rather large errors in calculated 
gas saturation are required before significant errors (in 
excess of the estimated accuracy of a bottom-hole pres- 
sure bomb) are caused in calculated static pressures. 
Exceptions to this would occur, of course, at very high 
values of build-up slope (m) and/or very low crude 
gravities. 

The results of this investigation as just discussed are, 
of course, subject to the same limitation as the original 
pressure build-up equations. That is, the degree to which 
the flow of fluids into a particular well can be repre- 
sented by the radial heat flow equation determines the 
reliability of the results obtained from a pressure build- 
up curve analysis. Likewise, the effects of free gas satu- 
ration on such results are dependent upon this same 
degree of representation. It should be noted further that 
these observations refer only to the effects of gas satu- 
ration and exclude possible errors in the numerous 
other factors that enter into the analysis of pressure 
build-up curves. 


CON CLAS Nis 


1. The calculation of static reservoir pressure from 
pressure build-up curves in reservoirs producing at or 
below the original bubble point of the reservoir fluid re- 
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quires the use of two-phase fluid compressibility data. 
The use of undersaturated oil compressibility data in 
such calculations, even when producing GOR’s are at 
or near solution values, will result in very significant 
negative errors in calculated static pressure. These er- 
rors increase proportionally with build-up curve slope 
and also become larger for lower values of dimension- 
less shut-in time, reservoir pressure and crude gravity. 

2. For analyses of two-phase pressure build-up curves, 
errors in calculated total fluid compressibility as in- 
duced by errors in calculated free gas saturation, cause 
errors of like direction in calculated static reservoir 
pressures. However, except for large values of build-up 
curve slope and/or very low crude gravities, rather 
large errors in calculated gas saturation can be toler- 
ated without significant effect on calculated static pres- 
sures. 


II 


two-phase fluid compressibility, V/V/psi 
E,, = error in calculated static pressure, psi 

E., = error in calculated gas saturation, per cent 
of hydrocarbon pore volume 


*See AIME Symbols List in Trans. AIME (1956) 207, 368, for 
other symbol definitions. 
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m = slope of straight-line portion of shut-in pres- 
sure vs log shut-in time curce, psi/log cycle 
P, = static reservoir pressure, psig 
P, = bottom-hole pressure at shut-in time 1¢, psig 
AP, = dimensionless pressure difference 


= dimensionless shut-in time 
(k/)r =, total fluid mobility, md/cp 


| 


The author is indebted to the management of Creole 
Petroleum Corp. for permission to present this paper. 
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In Situ Combustion Process— Results of a Five-Well Field 
Experiment in Southern Oklahoma 
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Results of experimental work on the in situ combus- 
tion process were first published in this country in 
1953* when Kuhn and Koch described results of a 
three-well test in Jefferson County, Okla. Shortly there- 
after Grant and Szasz* described field studies in Nowata 
County, Okla., in which several modifications of the 
basic combustion process were investigated by injection 
of various oxidizing gas mixtures other than air. In the 
past five years speculation concerning this method of oil 
recovery has continued, with a number of interesting 
Papers on various aspects of in situ combustion appear- 
ing in the literature**”*’. However, only one of these’ 
provided actual engineering information on pattern- 
type field experiments. 


The primary objectives of the Oklahoma three-well 
test were to check operation of specially designed elec- 
trical ignition equipment and evaluate problems asso- 
ciated with initiation of combustion in a natural oil sand 
reservoir. Immediately following successful completion 
of this test in the Pontotoc sand, plans were activated 
for a second field experiment to be conducted in the 
same sand a short distance away. The objective of this 
second field test* was to establish a relationship between 
field observations and information derived from labo- 
ratory experimentation and computations. Secondary 
objectives of the test were to develop operating tech- 
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niques and define operating problems, and to obtain 
information that would assist in the economic and 
engineering appraisals of the process. 

Careful planning was required since this test was de- 
signed with the hope of providing basic information 
on the characteristics and operation of a combustion 
drive. It was necessary to include test facilities which 
would not only permit precise control and measure- 
ment of the process variables but would also provide 
sufficient flexibility of control to insure that variables in 
the combustion process could be studied during the 
course of the test under a wide range of conditions. In 
order to accomplish these objectives elaborate instrumen- 
tation and several contro] wells were included in the de- 
sign of the test installation. This type installation was 
felt to be well suited for an experimental study, but was 
in no respect intended as a counterpart of a commer- 
cial-scale operation. 


PRELIMINARY LABORATORY WORK 


An important objective of the field experiment, as 
stated previously, has been to obtain reliable data on 
operating variables which might be compared with 
similar data obtained in laboratory combustion tests. 
The value of successful correlations between quantities 
that can be measured in the laboratory and those 
obtained in a full-scale commercial venture has been 
well established for other industrial processes. The 
difficulty of following a process underground should 
make such correlations even more essential here. Also, 
approaching the field test phase of development of 
in situ combustion, it was considered desirable to precede 
design of test equipment with laboratory combustion 
studies under a variety of conditions to establish likely 
ranges of variables. These included temperature, air 
injection rate, frontal advance rate and produced gas 


composition. 
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APPARATUS AND PROCEDURE FOR 
COMBUSTION STUDIES 


Two types of laboratory combustion equipment were 
used in studying combustion characteristics of oil from 
the Pontotoc sand. Both were constructed to provide 
data on a linearly moving burning front in a sand pack 
previously saturated with oil and water. 

In one type of experiment efforts were made to 
simulate burning conditions in the field by using a long 
tube with controlled heat loss. However, because of 
the large volume of sand required for these tests it was 
impractical to use cored material from the producing 
formation. Also, time and effort required to conduct 
a test limited usefulness of the large scale equipment. 
Therefore, a second type experiment was performed 
utilizing a much smaller volume of pack matrix (con- 
sisting of crushed cores). 


Both types of apparatus consisted of an outer thick- 
walled cylinder to contain the desired pressure and a 
thin-walled inner liner to hold the sand pack, with 
granular insulating material in the annular space 
separating the two tubes. For the large-scale experi- 
ments the pack dimensions were 1 ft in diameter by 
10-ft long. Twenty chromalox heating elements, each 
covering 6 linear in. of the pack and independently 
controlled, were spiralled around the 16-gauge stainless 
steel inner liner to permit controlling or even eliminat- 
ing radial heat losses from the burning front. For tests 
with high-viscosity Pontotoc crude oil, graded sand, 
crude oil and water in proper proportions were pre- 
mixed and packed into the tube. The packing procedure 
and subsequent test were performed with the tube in a 
vertical position. Combustion was initiated at the top of 
the pack by an electrical igniter and burning proceeded 
downward. 


In small-scale experiments the inner liner was a 4-in. 
diameter stainless steel tube 51-in. long, turned to a 
0.0625-in. wall thickness. The only other major differ- 
ence from large-scale equipment was that no provisions 
for supplying external heat were included except for 
an ignition element in the tubing head. 


RESULTS OF LABORATORY COMBUSTION TESTS 


Typical test results with the 18.4° API Pontotoc 
crude oil are summarized in Table 1. The small tube was 
normally operated at burning front velocities much 
greater than the large tube in order to maintain a high 
ratio of rate of heat generation to rate of heat loss and 
thus prevent extinction of combustion around the 
burning front periphery. For the run reported in Table 
1, heat loss from the large tube was regulated by use 
of external heaters to maintain a temperature rise at the 
tube wall opposite the burning front of about 85 per 
cent of the temperature rise at the center line of the 


TABLE 1—LABORATORY COMBUSTION EXPERIMENTS IN LINEAR 
OIL-WATER SAND PACKS 


Condition of Test Large Tube Small Tube 
Type of porous medium Sand Crushed 
virgin cores 


Length of pack, ft 10 
Approximate ratio of wall to centerline 

temprature rise 0.85 0.5 
Velocity of burning front, ft/day 0.4 6.0 
Air flux, scf/hr/ft? Lye 91 
Inlet air pressure, psig 125 200 

Results 

Fuel, Ib/100 Ib sand 1.51 1.68 

Ib/cu ft reservoir rock 1.82 2.02 
Apparent atomic H/C ratio of fuel 2.89 1.76 
Oxygen utilization, per cent 89.0 87.0 
Stoichiometric air, scf/Ib of fuel 232 206 
Alr requirements, scf/cu ft reservoir 

burned 423 416 
Air requirements, MMscf/acre-ft burned 18.4 18.1 
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pack. This ratio of wall-to-centerline temperature rise 
was assumed to duplicate field conditions more closely 
than the adiabatic ratio of unity. It was calculated from 
a solution, based on techniques presented by Carslaw 
and Jaeger’, for the vertical temperature distribution in 
a plane uniform heat source moving linearly through an 
infinite medium. 

In spite’ of wide differences between test conditions, 
results from the two types of experiment were in sur- 
prising agreement except in one respect. The notable 
exception, and one which will be discussed in greater 
detail, was the apparent composition (H/C ratio) of 
the fuel burned. 


POTENTIOMETRIC MODEL STUDIES 


In order to select a suitable well array for a field 
experiment, several patterns were modeled using poten- 
tiometric model techniques.*’ Based on these studies an 
isolated, inverted, five-spot well array was chosen to be 
a suitable geometry in which to conduct a combustion 
experiment in the field. The inverted array with its one 
central injection well, in contrast to the normal five- 
spot pattern with four corner injection wells, affords 
higher gas reservoirs and combustion is confined prin- 
cipally to that portion of the reservoir inside the pat- 
tern boundaries. Also the inverted pattern requires less 
compressor capacity (with one injection well instead 
of four) and only one ignition device is needed. 

The model results illustrated in Fig. 1 permitted 
estimations of the total volume of air required for 
breakthrough of the front into production wells and 
the minimum air injection rate necessary to sustain 
combustion, two important quantities in the design 
of a field experiment. These preliminary calculations 
required the additional assumption that flow geometry 
had no gross effects on the combustion variables. Total 
quantity of air required to burn any portion of the pat- 
tern was estimated by multiplying the volume of the 
burned portion of the reservoir by air requirements per 
unit volume determined from laboratory combustion 
studies. 


When a reasonable schedule for movement of the 
burning front was set up, it was possible to calculate 
a schedule of air injection rates from the potentiometric 
model data of Fig. 1. This was accomplished by deter- 
mining the flux distribution at various burning front 
locations and applying the assumption that air flux is 
approximately proportional to rate of advance of the 
burning front’. 


| MAXIMUM SWEEP= 92 % OF PATTERN AREA 
PRODUCTION WELL 


INJECTION WELL 


Fic. 1—Invertep, Five-spor Parrern Sweep 
FoR Inrinire Mositity Ratio. 


PETROLEUM TRANSACTIONS, AIME 


20 
FRONT LOCATION NS \| 
\ 60 \ \ \| 
| ms SS \ \ 
| \ \ 
20 \ \ \ | | 
\ \ \ \ | 
| \ \ \ \ | | 
Ih | | \ | | 
= 


SCALE 


Fic. 2—IsopacHous Map or Ner Oi Sanp IN THE 
Five-spoT AREA. 


With the information available from preliminary 
laboratory work it was now possible to select a suitable 
pattern size and establish needs for oil-treating and 
separating facilities. While these steps could have been 
taken without specific information on combustion and 
areal sweep, the laboratory data permitted certain field 
problems to be anticipated and errors in design to be 
essentially eliminated. 


TEST SITE AND PROCESS EQUIPMENT 


The five-well test was located about 250-ft north 
of the first three-well experiment. Both tests were con- 
ducted in the shallow Pontotoc oil sand which lies 
about 195-ft below ground level in this vicinity. Fig. 
2 shows an isopachous map of this shallow sand lens 
in the vicinity of the five-well test. Total area of the 
sand is about 30 acres. 

The inverted, five-spot well array was drilled on a 
spacing of approximately 40 ft between the centrally 
located injection well and the four production wells. 
Four pairs of observation wells were appropriately 
located between injection and production wells as shown 
in Fig. 2 to observe advance of the burning front 
and to provide additional information on the composi- 
tion of fluids in the vicinity of the burning front. All 
experimental wells were cored and logged. 


RESERVOIR PROPERTIES 


The sand appeared to be fairly homogeneous with 
little variation in reservoir properties observed between 


TABLE 2—RESERVOIR AND FLUID PROPERTIES OF THE PONTOTOC SAND, 
JEFFERSON COUNTY, OKLA. 


Reservoir Properties 


Pofosity, per cent 27.2 
Saturation, per cent: 

Oil 64 

Water 35 

Gas 1 
Specific permeability to gas, md 7,680 
Average net sand thickness, ft 17 
Oil in place, bbl/acre-ft 1,350 
Initial reservoir temperature, °F 66 
Initial reservoir pressure, psig 80 

Reservoir Fluid Properties 

Viscosity af reservoir conditions, cp 5,000 
Gravity, °API 18.4 
Formation volume factor 1.0 
Chloride content of formation water, ppm 9,100 
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wells other than net sand thickness. A sharp reduc- 
tion in net sand thickness was observed across the 
northern part of the test pattern (Fig. 2). At the north- 
ernmost production well the net sand thickness de- 
creased to 11 ft compared to an average net thickness 
of about 17 ft for the pattern. The average reservoir 
properties and fluid properties listed in Table 2 differ 
slightly from those previously published’ and are con- 
sidered more accurate because of the subsequent avail- 
ability of extensive core information. The indicated 
gas saturation of 1 per cent was estimated early during 
air injection by use of a helium tracer technique”. 


WELL COMPLETIONS AND SURFACE INSTALLATION 


Special completion methods were required in order 
to prevent damage to test wells when subjected to 
elevated temperatures generated at the burning front. 
Casing strings were set in the shale section about 25-ft 
above the Pontotoc sand and cemented all the way 
to ground level. Completing wells in this manner pre- 
vented breakdown of cement by thermal expansion of 
the casing when subjected to the high bottom-hole 
temperatures usually associated with arrival of the 
burning front at the production wells. The four tempera- 
ture wells were equipped with thermocouples positioned 
inside stainless steel thermowells to measure tempera- 
ture at 2-ft intervals vertically across the sand section. 
The observation wells were completed to permit obten- 
tion of bottom-hole fluid samples and for bottom-hole 
pressure measurements. 

The surface installation was fully described in a 
previous article’; therefore, only brief mention of the 
process equipment is made here. The liquid and gas 
systems are shown schematically in Fig. 3. Two 64-bhp 
compressors driven by 130-bhp engines supplied up to 
630 Mcf/D of air at a discharge pressure of 200 psig. 
The electrical heater used for ignition was designed to 
deliver up to 50-kw while operating at temperatures 
up to 1,400° F. Continuous recording instruments 
recorded temperatures, pressures, gas analyses and flow 
rates at various observation points. 


FIELD TEST RESULTS 


PRODUCTION AND AIR INJECTION TESTS 


Production testing of the five-spot wells indicated 
an average stabilized oil production rate of 0.15 B/D 
per well, and a water rate of 0.75 B/D per well. A total 
of 71 bbl of oil was produced during production testing. 


Within the first month after initiation of air injec- 
tion into the formation, sufficient permeabilty to air 
had been developed to permit ignition of the oil sand. 
Initial effective permeability of the formation to air was 
calculated by use of interference techniques” to be 
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3 md; the initial rate of increase was about 1.5 md/D. 
Air injection was continued for several months due to 
the necessity of reworking some of the downhole equip- 
ment; calculated effective permeability to gas at time 
of ignition was 140 md, and the permeability was 
increasing by 3.0 md/D. Several helium gas-tracer 
tests’ were conducted during the air-drive period. 
Results of these tracer surveys indicated uniform dis- 
tribution of injected air throughout the test pattern at 
time of ignition. Total oil produced from the pattern 
during air drive was 118 bbl. 


IGNITION 


An electric resistance heater was operated in the 
injection well at about 400° F for approximately five 
days; this was done to preheat a zone around the injec- 
tion well prior to ignition. On the fifth day of pre- 
heating, carbon oxides were found for the first time 
in gas samples produced from nearby observation wells, 
indicating that ignition had occurred at or near the 
injection well. The heater temperature was increased 
to 1,300° F to build up a high temperature zone around 
the injection well to insure ignition over the entire 
sand face. Unfortunately, however, the heater developed 
an elecrical short before sufficient heat had been applied 
to sustain combustion. Although air injection was con- 
tinued, oxygen content of produced gases increased 
rapidly after the heater had been removed from the 
hole for repairs. The oil sand was re-ignited about one 
month later. In all, the heater was operated 293 hours 
and generated a total of 15 million Btu. 


MOVEMENT OF AIR AND COMBUSTION GASES 


An almost immediate drop in air injectivity* was 
noted when ignition of the oil sand was accomplished. 
Even though the air injectivity decreased from 25 to 
1.0 scf/D/A(psi)*, the minimum air flux at the sand 
face was computed to be 17 scf/hr/ft* of wellbore area. 
This was considered to be more than adequate to main- 
tain combustion during the period. After ignition, air 
injectivity increased exponentially during the remainder 


*The quantity ‘‘air injectivity’ (rather than ‘‘effective air per- 
meability’’?) is used for the combustion period since two distinct 
regions of widely different permeabilities, separated by the burning 
front, were known to exist, and these permeabilities could not be 
reliably determined. Air injectivity is defined here as the volumetric 
air injection rate divided by the difference in the squares of the 
injection and production well bottom-hole pressures, scf/D/A (psi) 2. 
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of the combustion phase of the test as shown in Fig. 4. 
While injection pressure was maintained essentially 
constant at 150 psig, the rate of air injection for the 
pattern increased from 17 to 240 Mcf/D during the 
first four months of combustion. 

Over-all gas recovery (as compared to volume of air 
injected) from the well pattern was fairly high; approxi- 
mately 85 per cent of the nitrogen injected with the air 
was recovered at the producing wells. During combus- 
tion, however, when pressures inside the pattern were 
considerably higher than the pressure in the outlying 
formation, gas recovery dropped to as low as 65 per 
cent of the air injected. Some reduction in gas volume 
due to the formation of condensable products at the 
burning front was expected. This “shrinkage” in gas 
volume, as determined stoichiometrically, was some 8 
per cent of the air injected during periods of high 
oxygen utilization. In spite of the loss of some com- 
bustion gases to the reservoir outside the pattern, by 
applying back pressure to each of the four producing 
wells independently the percentage of injected air pass- 
ing through each quadrant of the pattern could be 
controlled within limits. In an effort to maintain sym- 
metry of the burning front this technique was used to 
balance the fuel consumption rates in each of the four 
quadrants as determined from gas analysis and gas 
production rates for the four corner wells. The gas rate 
from each well was adjusted daily so that the fuel 
accounted for was proportional to the net volume of 
reservoir sand in the corresponding quadrant of the 
pattern. 

Air injection was maintained in the pattern after 
active combustion had ceased. The air passing through 
the heated sand formed a “thermal drive” in the for- 
mation and allowed considerably more oil to be pro- 
duced by utilizing the heat stored in the reservoir. 
Throughout most of the thermal drive period the injec- 
tion pressure was about 10 psig; however, during the 
last three months air injection pressure was increased 
to 30 and later to 60 psig to study the effect of pressure 
level on production. For the complete five-spot test a 
total of 71 MMcf of air was injected at an average 
rate of 76 Mcf/D. 


MOVEMENT OF THE BURNING FRONT 


The pattern symmetry was maintained for about six 
weeks after ignition, at which time data from observa- 
tion wells indicated that the burning front had started 
to move preferentially in a southwesterly direction 
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toward PW-2 and PW-3. During the fourth month of 
combustion it became apparent that burning in the 
northeasterly direction toward PW-1 and PW-4 had 
essentially stopped. Air flow was increased toward 
PW-1 and PW-4 for several weeks in an attempt to 
re-ignite the formation in that direction, but this effort 
was not successful. 

Three and one-half months after ignition the com- 
bustion front reached PW-2 (the test well) and PW-3 
(the south well) almost simultaneously. Two new 
production wells, PW-5 and PW-6, located 56 ft south- 
west and southeast of the injection well were opened to 
production two weeks later. This was done to allow 
the burning front to continue in the preferential direc- 
tion of burning movement in order to obtain more infor- 
mation on the process. The burning front reached PW-S 
two weeks after it was opened for production and 
reached PW-6 six weeks later, on the 180th day after 
ignition. 

OXYGEN UTILIZATION 


The quantity of oxygen utilized for combustion was 
determined from daily analysis of the production gas 
streams from all production and observation wells. 
During the first few days of air drive the produced 
gases contained only about 5 per cent oxygen; however, 
the percentage increased rapidly until, just prior to 
ignition, the produced gases contained approximately 
18 per cent oxygen. Oxygen utilization exceeded 95 
per cent during the first six weeks of combustion, a 
period during which burning was presumably occurring 
around the entire perimeter of the front. The apparent 
by-passing of the burning front by the air became notice- 
able shortly after combustion activity slowed in the 
north quadrant. Even though a considerable amount of 
oxygen was passing unreacted through the north and 
east quadrants, oxygen utilization from the time of 
ignition to breakthrough of the burning front into the 
production wells was 75 per cent. During the nine- 
month combustion phase the average utilization was 43 
per cent and during the thermal drive period, after 
combustion had stopped, essentially no oxygen was 
being utilized in the pattern. 
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LiquIp PRODUCTION 


Oil production rates began to increase shortly after 
ignition and increased steadily as the burning front 
advanced through the formation toward the produc- 
tion wells. The dashed line of Fig. 5 represents the pre- 
dicted primary production (obtained by extrapolation of 
the early production test data) and the shaded area indi- 
cates the additional oil attributed to the process. The 
maximum rate of oil production during the test was 11 
B/D for the total pattern, representing a 12-fold increase 
over the stabilized rate observed at the end of produc- 
tion testing. Rates frequently were greater than four 
times, and averaged more than three times, those 
observed before the combustion test. 


After combustion in the formation ceased, the oil 
rates gradually declined, approximately in proportion 
to the increasing oil viscosities evaluated at production 
well temperatures. It is estimated that the combustion 
drive gave an incremental increase in oil recovery of 
1,043 bbl. The total oil produced during the test was 
1,349 bbl. The cumulative oil produced from the pat- 
tern wells during each phase of the field experiment is 
illustrated graphically in Fig. 6, This figure also permits 
visual comparison of the oil produced with the initial 
oil in place in each section of the test pattern. Highest 
recovery from the pattern wells was observed at PW-3 
where 70 per cent of the oil in that quadrant was pro- 
duced. Over-all recovery from the test was 51 per cent 
of the oil originally in place within the expanded seven- 
well pattern. 


Water was produced continuously throughout the test, 
but water-oil ratios were significantly lower during 
active combustion than in other phases of the test. 
During the production and air-drive test periods, the 
produced water-oil ratio averaged about 5.0 for the 
pattern wells but declined after ignition to a minimum 
value of 1.2 during combustion. The cumulative water- 
oil ratio for the entire combustion period was only 1.5, 
but the water cut increased considerably after combus- 
tion had stopped. During the thermal-drive period the 
produced water-oil ratio averaged 2.7, bringing the 
cumulative figure for all phases of the test to 2.3 bbl 
of water per bbl of oil produced. 


AtR-OIL RATIO AND PRODUCED GaSs-oIL RATIO* 


Since economic limitations on an in situ combustion 
operation should depend on the per barrel cost of pro- 
ducing oil, and since the major item of cost is in the 
compression of air, the ratio of air injected to oil pro- 


*The term “air-oil ratio’ is defined as Mscf of air injected per 
barrel of dry oil produced, while ‘‘gas-oil ratio’’ is defined as Mscf 
of gas produced per barrel of dry oil produced. 
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duced is considered by some engineers, perhaps erro- 
neously, to be the measure of success in a test of the 
process. Others feel that the ratio of produced combus- 
tion gas to produced oil is a better index of perform- 
ance in a commercial scale operation consisting of a 
developed group of patterns. Under these conditions 
most of the injected air should be recovered in the form 
of combustion gases. In the Oklahoma five-well test 
both of these quantities were found to vary with time 
and position, and their applicability to developed opera- 
tions employing greater spacing appeared uncertain at 
best. However, their relative variations were considered 
interesting and are reported here. 


Fig. 7 shows the variation with time of cumulative 
injected air to produced oil ratio. Air-oil ratio increased 
rapidly prior to ignition, reaching a value of 115 
Mscf/bbl at time of ignition. As the burning front 
started to move the air-oil ratio decreased to about 30 
Mscf/bbl, rising slightly to about 35 Mscf/bbl when the 
burning front reached the production wells. 


The cumulative air-oil ratio declined during the 
thermal-drive period and reached a minimum of 27 
Mscf/bbl. The injection pressure had been reduced 
to only 10 psig at this time. Later experimentation on 
the effect of pressure level on oil production during 
thermal drive increased the cumulative value of air-oil 
ratio to 44 Mscf/bbl by the end of the test. The cumu- 
lative gas-oil ratio for each phase of the test is shown 
in Fig. 8 for each production well. The minimum gas- 
oil ratio during combustion was 23 Mscf/bbl observed 
at PW-2 and PW-3. Gas-oil ratios at PW-5 and PW-6 
were actually lower, but these wells were drilled later 
in the combustion period and their performance is not 
considered representative. The variations of gas-oil 
ratio with time were qualitatively similar to those shown 
in Fig. 7 for air-oil ratio. 


EFFECT OF IN SITU COMBUSTION ON 
PROPERTIES OF OIL 

Alteration in physical properties of the produced 
crude oil during combustion, as a result of the distilla- 
tion and thermal cracking of oil just ahead of the high 
temperature burning front, had been anticipated, since 
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in the preliminary laboratory work a considerable 
change was observed in specific gravity of the produced 
oil as the burning front approached the end of the tube. 
Measurable changes in specific gravity had occurred 
when only half of the pack had been traversed by the 
front. Presumably the altered oil, as it moved down- 
stream from the combustion front, mixed with virgin 
crude oil ahead of the front, and a blend of the two was 
produced. 

Variations in crude oil properties during the field 
experiment are illustrated by viscosity data obtained 
on samples collected at the south well of the original 
pattern. These data are plotted in Fig. 9. The upper 
curve, representing viscosity measurements at original 
reservoir temperature, indicates that definite changes in 
crude oil properties have taken place during combus- 
tion. The lower curve is a plot of measurments on the 
same samples at the average bottom-hole temperature 
and thus reflects the rise in production well temperature 
with approach of the front as well as changes in char- 
acteristics of the produced oil. 

The slight increase in viscosity during air drive could 
be accounted for by oxidation (as in the “air-blowing” 
of asphalt) or by stripping of hydrocarbon gases out of 
the crude oil into the injected air stream. Referring to 
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the top curve in Fig. 9, a minimum in viscosity was 
noted for samples taken during the period of rapid 
temperature rise as the burning front approached the 
well. However, the oil viscosity increased rapidly toward 
its initial value as the production well temperature 
increased to a maximum, corresponding to minimum 
viscosity on the lower curve of Fig. 9. (At this time, 
the average reading of 12 thermocouples spaced uni- 
formly over the pay interval was 260° F and the peak 
temperature was 460° F. Higher temperatures were 
avoided by limiting gas production from the well as the 
burning front approached, thus limiting the rate of 
heat release in that vicinity.) Approximately 40 per 
cent of the oil produced from PW-3 during combustion 
was upgraded slightly in gravity. 

The extreme drop in produced oil viscosity shown in 
the lower curve of Fig. 9 adequately explains the 
improved well productivity observed during the com- 
bustion period. Assuming the effective oil permeability 
to be the same as that calculated from production test 
data, the oil mobility computed at the average well 
temperature changed from 0.17 to 36 when the nigh- 
temperature zone reached the production well, a condi- 
tion which should correspond to a 200-fold increase 
in the productivity index of the well. The productivity 
index calculated from oil production data actually 
increased by a factor of about 60. 


DESCRIPTION OF THE RESERVOIR AFTER COMBUSTION 


After the combustion phase of the test several core 
holes were drilled to determine the extent and con- 
dition of the burned sand. Their locations are shown in 
Fig. 10, an isopach map of the burned and coked sand 
sections. The burned section was thickest at the injec- 
tion well, becoming thinner at greater radial distances 
and then increasing again in thickness around the pro- 
duction wells. 

Two vertical cross sections of the burning front are 
shown in Fig. 11. The front is shown to pinch out to 
the north and east about halfway between the injec- 
tion well and the production wells. The coked sand 
depicted in Fig. 11 was found essentially free of oil 
and water; coke was present on the sand grains. The 
clean-burned sand was stripped completely of liquids 
and combustible materials. 

A visual description of core material from each sec- 
tion is shown in Fig. 12. The left side of this figure 
shows the maximum temperature recorded at each depth 
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in TW-3 (located in the south section of the pattern 
about 10 ft from the injection well). The highest tem- 
perature in this particular well was 850° F. The highest 
temperature observed during the test was 920° F meas- 
ured at TW-2 (21 ft west of the injection well). 


SWEEP AND RECOVERY EFFICIENCY 


A total of 22,500 cu ft of sand were estimated from 
core data to have been either burned or coked. Max- 
imum areal sweep (that is, the per cent of plane area 
of the expanded test pattern swept by the burning 
front) was 85 per cent. Volumetric sweep was 26 per 
cent, even though the front did not move appreciably 
toward two of the production wells. Undoubtedly a 
much higher sweep would have been realized had the 
sand burned more completely toward these wells. 


A considerable quantity of oil was driven from the 
surrounding oil sand sections where hot gases leaving 
the burning front displaced oil toward the production 
wells. Results of core analyses after the test showed 
that oil content of the sand lying adjacent to the burned 
zone had been reduced from 1,350 to about 1,000 
bbl/acre-ft. Depletion may have been actually higher 
than is indicated by the core analysis results; it is pos- 
sible that reservoir liquids had reinvaded the test area 
before cores were obtained. 


Based on the total oil produced from the expanded 
seven-well pattern, the oil recovery was 51 per cent 
of the original oil in place. Of this, 7 per cent was 
produced during preliminary test operations and ap- 
proximately 31 per cent was displaced by the burning 
front. The additional 13 per cent was apparently swept 
into the wells from the surrounding oil and by the 
hot gases from the burning zone. 


DIS 


The complex nature of the in situ combustion process 
with its many inter-related displacement mechanisms 
makes exact interpretation of field data impossible. This 
is understandable when one considers, for example, that 
even the relatively simple case of two-phase flow of 
fluids in homogeneous porous media, a subject that has 
received years of study, cannot be adequately described 
today. Complicate this picture by introducing a third 
fluid phase and a moving burning front in a non-homo- 
geneous reservoir where temperature, pressure and 
fluid composition change from point to point, and the 
difficulty of extracting information on individual mech- 
anisms in the process can be appreciated. However, a 
number of factual observations reported in the pre- 
ceding sections lend themselves to certain mechanistic 
interpretations. While some of these are well supported 
by the data, others, including the basic combustion 
mechanisms, must remain in the realm of speculation 
pending additional results of research in this field. 
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OXIDATION OF CRUDE OIL BEFORE IGNITION 


The low oxygen content of produced gases observed 
during the air-drive portion of the test might be ac- 
counted for either by selective solution of oxygen in the 
reservoir fluids or by the occurrence of low-temperature 
oxidation reactions. Some 100 Mcf of oxygen were cal- 
culated from gas analysis to have been left in the 
pattern during this period. Two independent pieces of 
evidence, a measured rise in reservoir temperature 
and the identification of oxygenated compounds in the 
produced crude oil, strongly supported the contention 
that low-temperature oxidation of the crude oil was 
responsible for this disappearance of oxygen. The 
mechanism is emphasized here because of its possible 
practical significance as a way of evolving heat without 
“burning” in the usual sense, and helps to explain the 
unexpectedly high apparent hydrogen content of the 
fuel (coke) burned in the process. 

During the air-drive period reservoir temperatures 
(measured by thermocouples at four observation wells 
within the pattern) increased from an average of 66 to 
70° F. This rise of 4° F compares to a calculated rise 
of 7° F assuming a heat release of 70,000 Btu from the 
oxygen in 1 Mscf of air* and no heat loss to adja- 
cent formations. Heat losses could reasonably account 
for 3°F difference between the observed and cal- 
culated temperature rise. 

The presence of oxygenated hydrocarbons not found 
in the virgin crude oil has been quantitatively deter- 
mined on selected samples of oil produced during the 
course of combustion. While some of these compounds 
may have resulted from combustion, their occurrence in 
samples taken from producing wells early in the test, 
presumably in oil not affected by the burning front, 
is a further indication of the phenomenon of low-tem- 
perature oxidation. 


CHARACTERISTICS AND MECHANISM OF COMBUSTION 


In the field test the period most respresentative of 
efficient combustion was early in the test while the entire 
perimeter of the moving front was burning. Oxygen 
utilization was in excess of 95 per cent and very little 
by-passing of the burning front by injected air was 
evident. A combustion equation can be calculated from 
the produced gas analysis if the assumption is made 
that the stoichiometrically unaccounted for oxygen went 
to form combustion water. Such an equation (based on 
100 mols of produced gas) for burning in the PW-3 
quadrant during this period is as follows. 

0770; 18.4 FO 85.8.N. 


From this equation the stoichiometric quantity of air 
was found to be 207 scf/lb of fuel. Similar calculations 
based on analysis of gases produced from PW-1, PW-2 
and PW-4 indicated respectively 222, 214 and 213 scf 
of air passing through the combustion zone for each 
pound of fuel consumed. The average for the four pro- 
duction wells is 214 scf of air per pound of fuel. 

Stoichiometric equations for the two laboratory com- 
bustion tube experiments summarized earlier are as 
follows. 

(1) Controlled heat loss tube: 

122.8 85.6 CO, + 0.4 
(2) Small combustion tube: 


*While the exact heat release per mol of oxygen depends on the 
specific reaction involved, most organie oxidation reactions evolve 
between 90,000 and 220,000 Btu per lb mol of oxygen, or between 
50,000 and 120,000 Btu for the oxygen in 1 Mscf of air. 
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14.4 + 22.3 O,+ 82.9 N, 12.0CO, + 

The laboratory experiments led to stoichiometric 
relationships quite similar in most respects to one ob- 
tained for the field test under conditions presumed to 
represent active combustion. However, obvious differ- 
ences were noted in the amount of unreacted oxygen 
and in the apparent composition of the fuel. In both 
laboratory tests oxygen utilization was 7 to 9 per cent 
lower than indicated by Eq. 1 for the field test. This 
difference may be explained on the basis of by-passing 
of air or quenching effects along the tube wall in the 
experimental apparatus. 

Concerning the apparent composition of fuel used 
in the process, the empirical formulas derived for fuel 
in the field and large-scale laboratory tests were almost 
identical, but the apparent hydrogen content of fuel 
burned in the small tube was much lower. It now 
appears that this difference may be resolved by including 
the effects of low-temperature oxidation of crude oil 
ahead of the burning front. The fraction of oxygen con- 
sumed in such reactions would appear to depend on 
the temperature level downstream from the combustion 
front and on the residence time of oxygen-containing 
gases in this zone. 

The burning velocity and air flux in the small-scale 
laboratory experiment were at least an order of magni- 
tude greater than the larger-scale laboratory and field 
tests. Under these conditions both preheating of fluids 
ahead of the burning front and the residence time of 
combustion gases should be minimized. Thus, the low- 
temperature oxidation of crude oil did not appear to be 
a factor in the small-scale laboratory test. 

The effect of oxidation of organic compounds of 
structure X can be included in the stoichiometric rela- 
tionships in terms of the fraction, n, of unrecovered 
oxygen consumed in such reactions (rather than com- 
bining with fuel hydrogen). For the field case (Eq. 1) 
this becomes, 

13.5 Ga 18.4n X +22.8 O, + 85.8 Ni => 

12.:3,CO, 12: CO =F 118 

+ 18.4n XO + 85.8 N, ee (4) 
A similar equation can be written to replace Eq. 2 for 
the large-scale laboratory experiment. Note that the 
empirical formula for fuel consumed at the burning 
front becomes essentially the same as for the small- 
scale laboratory test if n = 0.4 in Eq. 4. 

H/C ratio of the fuel determined from high burning 
velocity tests in the small tube may be more representa- 
tive of the combustion process near the nose of the 
burning front than the over-all values obtained from 
either the controlled heat loss tube or field experiments 
in relatively thin oil sands. This conclusion is based 
partly on the observation that in the small tube studies 
no coke was left on the burned sand, indicating that the 
combustion reaction proceeded uniformly over the 
cross section of the tube. On the other hand, core 
samples from the field test showed that a thin zone of 
coked or partially burned sand existed above and below 
the clean burned sand. In the coked zone it is speculated 
that the kinetics of the combustion reaction controlled 
the burning, as lower temperatures existed in this zone 
due to heat losses to the overburden. Above and 
below the zone of burned and coked sand, unburned 
oil sand was present. In this region the temperature was 
obviously below combustion temperature and any oxygen 
utilized was probably taken up by low-temperature 
oxidation of constituents in the crude oil. 


Additional support is available for the conclusion 
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that composition of combustion fuel is more reliably 
obtained from small-scale combustion studies performed 
at high rates. Coked samples obtained from tube studies 
in which the burning front was intentionally quenched 
and coked sand obtained from core holes in the field 
experiment have been compared in the laboratory. Com- 
bustion-train analysis of these samples yielded almost 
identical ratios that were much lower than the “apparent 
H/C ratios” calculated from field data, and about the 
same as those calculated for the small combustion 
tube studies. 

To summarize present concepts of the combustion 
niechanism, the primary source of fuel is the petro- 
leum coke that is intimately deposited on the sand 
grains as a result of thermal cracking of the oil near 
the high-temperature burning front. When this coke, 
already at a high temperature, is contacted with oxygen, 
a combustion reaction occurs at some greatly elevated 
temperature. The burning front temperature measured 
in the field test or in laboratory experiments (usually 
in the range of 600 to 1,200° F) is actually a “bulk 
temperature”, representing the average temperature of 
the sand, not necessarily the surface temperature at 
which the combustion reaction occurs. Combustion of 
coke appears to be a diffusion-controlled reaction under 
the conditions usually prevailing and, as such, is not 
nearly as temperature sensitive as the liquid-phase oxi- 
dation of petroleum in which kinetics are controlled by 
the chemical reaction. 

Between these two extremes there appears to be a 
region in which kinetics of the process are controlled 
by a combination of chemical reaction rate and diffusion 
rate. All three regimes undoubtedly are active in the 
in situ combustion process, but the majority of oxygen 
used appears to be consumed in a high-temperature 
combustion region usually considered to be diffusion 
controlled. Indeed, at the nose of the burning front, 
where temperatures presumably attain their highest 
values, the rate-controlling factor seems to be the rate 
of oxygen supply to the front. 


RATE OF BURNING FRONT ADVANCE AS A 
FUNCTION OF AIR FLUX 

These concepts of in situ combustion indicate 
that the “nose” velocity of the front should be directly 
proportional to the mass rate of air supplied. In Fig. 
13 the rate of advance is plotted against air flux for the 
two laboratory tests described. Note that the data are 
plotted on equal logarithmic scales. Direct proportion- 
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ality between these variables requires that points fall 
on a 45° line, as indeed they do. It is now interesting 
to establish the applicability of such a relation to data 
obtained in the field. 

To determine the relation between air flux and front 
advance from the field data, it was necessary to locate 
the burning front as it moved along a given streamline 
path between the injection well and one of the produc- 
tion wells. It was also necessary to estimate the air 
flux at these points. Location of the leading edge of the 
burning front could be followed, indirectly, from gas 
analysis and temperature measurements obtained from 
the observation and production wells in the pattern. 
Air flux was then estimated by simulating the position 
and movement of the burning front on a blotter-type 
electrolytic model. 

The open circles in Fig. 13 show points obtained in 
this manner from the field test. They fall generally to 
right of the laboratory-determined curve, but the agree- 
ment is quite good considering the gross assumptions 
required for simulation by the two-dimensional model. 


FUEL CONSUMPTION AND AIR REQUIREMENTS 


The quantity of fuel consumed per cubic foot of 
reservoir can be easily determined by laboratory experi- 
ment, but it is extremely difficult to evaluate in the 
field without drilling a prohibitive number of core holes 
to determine the extent of the burned sand. At the 
time of breakthrough of the burning front into PW-2 
and PW-3, approximately 15,300 cu ft of reservoir had 
been burned or coked. Of this, 11,800 cu ft had been 
burned clean, i.e., it contained no liquids or residual 
coke-like materials as evidenced from cores taken later 
from this section. Total fuel accounted for at the time 
of breakthrough was about 22,400 lb, which gives a 
unit fuel consumption of 1.9 lb of fuel per cubic foot of 
sand burned. 

Combining this value of unit fuel with the stoichio- 
metric quantity of air required to burn 1 lb of fuel 
(determined as from Eq. 1 and averaged for all wells), 
results in an air requirement of 406 scf/cu ft of reser- 
voir burned; this is equivalent to 17.7 MMscf of air 
per acre-ft of burned sand. Air requirements determined 
from the combustion tube experiments are 423 and 416 
scf/cu ft of burned sand; a deviation of less than 4 
per cent for the controlled heat-loss tube and less than 
three per cent for the crushed core study in the small 
tube. 


MINIMUM RATE OF BURNING FRONT ADVANCE 


During the first two months of the combustion test 
the rate of front advance estimated by the procedure 
just described was 0.16 to 0.20 ft/D. Based on the air 
injection rate and estimates of the area and shape of 
the burning front, the air flux through the combustion 
zone was estimated to be 2.5 to 5 scf/hr/ft’ of frontal 
area. When the air flux decreased to below 2 scf/hr/ft* 
(a condition that existed in the north and east sections 
after the second month), continuous combustion around 
the perimeter of the burning front was not sustained. 
This would indicate a minimum rate of front advance 
of about 0.12 ft/D was necessary to sustain combustion 
under the conditions existent in the field test. 

Other factors controlling the minimum rate of front 
advance have been discussed in the literature”. The 
maximum rate of front advance appears to be controlled 
by permissible injection pressure (overburden pressure), 
well productivity, or an economic balance between 
capital investment in the compressors and rate of return 
as governed by oil production rate. 
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SUMMARY AND CONCLUSIONS 


While this field test of the in situ combustion process 
is perhaps most properly regarded as an extension of 
a laboratory research project because of its size and 
manner of operation, certain information basic to the 
process has resulted from this work. Whether the test 
pattern was sufficiently large to exhibit combustion and 
fluid-flow characteristics identical to those that will 
exist in larger well spacings has not yet been established. 
Probably the most important result of the test was the 
confirmation of laboratory-derived data for a particular 
reservoir by actual field experimentation. It now seems 
reasonable to expect that laboratory studies on other 
oil reservoirs should give useful design information, 
permitting at least an approximate appraisal of the oil 
recovery possibilities by in situ combustion for almost 
any particular oil field. 

The important observations of the combustion and 
thermal drive phases of the test are summarized as 
follows. 

1. The burning front moved from the injection well to 
production Wells 2 and 3 located 40 ft away. Two 
additional wells were drilled 56 ft from the injection 
well and the burning front was extended to these wells. 
The combustion front moved only about halfway to 
production Wells 1 and 4. 

2. Average oil production rates were increased four- 
fold by the in situ combustion drive. By the end of the 
test, 1,349 bbl of oil had been produced, equivalent 
to 414 times the estimated primary production. Of the 
oil originally in the expanded test pattern 51 per cent 
was produced. 

3. Crude oil of higher gravity and lower viscosity 
was produced when the burning front approached the 
production wells. The API gravity increased by as much 
as 2° API. The viscosity, measured at the initial for- 
mation temperature of 66° F, decreased from about 
5,000 to approximately 800 cp. This decrease was evi- 
dent over a period of about one month; then the vis- 
cosity increased to near its original value. 

4. Considerable oil was produced after the combus- 
tion front reached the production wells. Movement of 
the front in the vicinity of the production wells was 
regulated after initial breakthrough of the heat front 
by closely controlling gas production rates. 

5. The direction in which the burning front moved 
was guided essentially by reservoir characteristics. Con- 
trols employed at production wells apparently had 
little effect on the burning front, except in the imme- 
diate vicinity of these wells. 

The following conclusions can be drawn concerning 
specific values for operating variables that have been 
derived by analysis of test data. 

1, The oxygen utilization exceeded 95 per cent during 
the early test stages. Toward production Well 3, 91 
per cent of the oxygen injected was consumed in the 
formation during the 312 month period from ignition to 
breakthrough at the production wells. After break- 
through oxygen utilization decreased and averaged 43 
per cent for the entire combustion phase. 
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2. The air required for combustion was estimated to 
be 406 scf/cu ft of reservoir. Approximately 1.9 lb of 
coke-like material was burned per cubic foot of reser- 
voir. The equivalent of about 16 weight per cent of 
the oil originally in place within the burned region was 
consumed. Both air requirement and fuel consumption 
were in good agreement with corresponding laboratory 


data. 

3. The minimum rate of advance in the Pontotoc 
formation was estimated to be about 0.12 ft/D. At 
slower rates the burning front was extinguished. 

4, The areal sweep efficiency amounted to 85 per 
cent of the pattern area and vertical sweep was 30 per 
cent; 51 per cent of the initial oil in place was pro- 
duced while the burning front passed through only 26 
per cent of the reservoir volume. 
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Because of unfavorable wetting 
conditions much residual oil is left 
when a porous material is flushed by 
water. Methods suggested to change 
reservoir wetting to improve oil dis- 
placement efficiency are generally ex- 
pensive. The present laboratory study 
was undertaken to gain an under- 
standing of the factors which deter- 
mine reservoir wettability, and to 
find out if oil displacement efficiency 
might be improved by a wettability 
change accomplished at low cost in 
an oil reservoir. 


Contact angle measurements were 
made on mineral surfaces using sev- 
eral sets of reservoir oil and water 
samples. Results of the contact angle 
studies suggest that reservoir wetta- 
bility may be primarily determined 
by natural surface-active substances 
present in the reservoir fluids. The 
effect of changing salinity and pH of 
the water phase was studied. The re- 
sults suggest that gross changes in 
preferential wettability might be ac- 
complished by injection of water 
containing simple chemicals to alter 
pH or salinity in the reservoir. Such 
treatment could be much less expen- 
sive than injection of commercial 
surface-active agents. 

Waterflood tests have also been 
made using synthetic cores and oil 
and water having wetting characteris- 
tics similar to those of reservoir 
fluids. Cores initially oil-wet were 
flooded in such a way that they were 
made preferentially water-wet by the 
advaricing flood water. This reversal 
in preferential wettability achieved 
greater oil displacement efficiency 
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than when either oil-wet or water- 
wet conditions were maintained 
throughout the flood. For the sys- 
tems studied, the higher the oil vis- 
cosity the greater the percentage im- 
provement obtained over conven- 
tional waterflood recovery. This sug- 
gests that a flooding process making 
use of wettability-reversal may ex- 
tend the oil viscosity range over 
which water flooding is attractive. 

Because a precise adjustment of 
reservoir wettability does not seem to 
be required, and because altering the 
PH or salinity in some reservoirs may 
be inexpensive, it appears that a 
waterflooding process employing wet- 
tability-reversal could find successful 
field application. 


The efficiency with which water 
will displace oil from a porous ma- 
terial is related to the nature of the 
capillary forces present. These in 
turn are controlled by the preferen- 
tial wetting of the solid by the two 
fluids. Because of unfavorable wet- 
ting conditions, 30 per cent or more 
of the original oil in place may re- 
main unrecovered in that portion of 
a reservoir flushed by water. This 
paper is concerned with the possibil- 
ity of improving waterflood oil dis- 
placement efficiency by alterations in 
the wettability of the porous ma- 
terial. 

A laboratory study was made to 
gain a better understanding of the 
factors which control reservoir wet- 
tability, and to determine if the oil 
displacement efficiency could be im- 
proved by some inexpensive means 
of manipulating wettability of the 
porous medium. Contact angle meas- 
urements were made with several 
natural and synthetic oil, water and 
solid systems (1) to obtain a better 


understanding of how to duplicate 
reservoir wettability in the labora- 
tory, and (2) to discover possible 
means for changing preferential wet- 
tability of natural reservoir systems. 

Flooding tests were also made in 
synthetic systems to determine if oil 
displacement efficiency could be im- 
proved by those wettability manipu- 
lations suggested by the contact an- 
gle measurements. Based on these 
studies a possible method for im- 
proving waterflood oil displacement 
efficiency is presented. This method 
involves causing an originally oil- 
wet porous material to become 
preferentially water-wet during the 
course of a water flood. 

The purpose of this paper is to 
present results of the laboratory 
studies. 
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Rock surfaces in some oil reser- 
voirs are believed to be covered with 
a firmly attached bituminous or other 
organic coating. Such surfaces would 
be preferentially oil-wet in the pres- 
ence of both oil and water, re- 
gardless of composition of reservoir 
fluids. Other reservoirs are believed 
to contain rock surfaces not perma- 
nently coated with such materials, 
and which would be preferentially 
wet by water in the presence of water 
and oil free from surface-active sub- 
stances. 

However, when the reservoir fluids 
do contain certain natural surface- 
active materials in sufficient quantity, 
rock surfaces acquire a degree of 
preferential oil wettability caused by 
adsorption of these natural surface- 
active materials on the solid. The 
equilibrium amount of these mate- 
rials adsorbed per unit surface area 
is believed to depend upon their con- 
centration in the bulk liquid phases. 
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Accordingly, the degree of preferen- 
tial wetting depends upon concentra- 
tion and properties of the surface- 
active substances in the liquid phases. 


LABORATORY MEASUREMENTS OF 
RESERVOIR WETTABILITY 


To measure reservoir wettability 
or to measure any property of a res- 
ervoir which depends on wettability, 
it is necessary to produce the same 
or nearly the same surfaces in the 
laboratory as exist in the reservoir. 
The same surfaces can be produced 
only if the reservoir oil, the reser- 
voir water, and the reservoir solid 
are used, and if the experiments are 
performed in such a way that sur- 
face equilibrium is produced. How- 
ever, usually one or more of the ac- 
tual reservoir phases are, for prac- 
tical reasons, different in laboratory 
studies than in the reservoir. When 
any one of the phases is different, 
some estimate must be made of the 
difference in preferential wetting 
caused by using the different phase. 
such an estimate should be based on 
a Knowledge of the factors control- 
lings reservoir wetting. 


In the present study a contact an- 
gie method was used to charac- 
terize the wetting properties of var- 
10us natural oil and water samples. 
By describing wetting properties of 
the reservoir fluids, such measure- 
ments are presumed to indicate cor- 
responding reservoir wettability in 
the cases where the reservoir rock is 
not covered with a bituminous coat- 
ing. These measurements are also 
presumed to show qualitatively how 
reservoir wetting responds to changes 
in conditions. 

In contact angle studies some suit- 
able flat, smooth surface must be 
substituted for the reservoir rock 
surface. For example, calcite sur- 
faces may be used when studying 
fluids from limestone reservoirs, and 
quartz surfaces may be used when 
studying fluids from sandstone reser- 
voirs. These contact angle surfaces 
are, of course, not identical to the 
reservoir rock surfaces. As a result 
the energy relationships are not pre- 
cisely the same in the contact angle 
cell as in the reservoir. Consequently, 
the wettability indications are exact 
only where reservoir wettability is 
entirely controlled by wetting prop- 
erties of the fluids. No knowledge 
can be gained from such measure- 
ments about presence or absence of 
permanently attached organic coat- 
ings on reservoir rocks. To detect 
these, supplementary tests on core 
samples must be used. 
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RELATIONSHIP BETWEEN 
CONTACT ANGLES AND 
PREFERENTIAL WETTING 


When two liquid phases such as 
water and oil are in contact with a 
solid surface, three interfaces exist. 
These interfaces, oil-solid, water-sol- 
id and oil-water, have the free ener- 
ZIES, You, Yous TeSpectively. The 
difference between the liquid-solid 
surface free energies, y,. — Ywa, iS a 
quantitative measure of the preferen- 
tial wetting. No method now exists 
for measuring the quantity, y,, — 
Yus, existing in the reservoir. How- 
ever, there is a simple method for 
measuring the quantity, y,.—Y.., for 
interfaces formed in the laboratory 
by reservoir fluids on a flat surface. 

According to Young’s equation, 
COS = (You — Yue) /You, the contact 
angle @ is uniquely determined by 
the surface free energies. The rela- 
tionship between the contact angle 
and the surface free energies is 
shown in Fig. 1. Since y,, can be 
easily measured by straightforward 
methods, the contact angle is a quan- 
titative measure of preferential wet- 
ting for the surfaces which reservoir 
fluids form with the solid in the con- 
tact angle cell. Contact angles greater 
than 90° result when y,, < y.,, and 
indicate preferentially oil-wet condi- 
tions. Contact angles less than 90° 
result when y,, > yws, and indicate 
preferentially water-wet conditions. 


When newly formed fluid-solid 
surfaces approach adsorption equi- 
librium slowly, the value obtained for 
the contact angle depends upon how 
the measurement is made. Different 
results are obtained depending upon 
the age and the histories of the fluid- 
solid surfaces, and upon whether the 
water is “advanced” or “receded” be- 
fore the values are read. These dif- 
ferent results are obtained because 
the interfaces are not all in adsorp- 
tion equilibrium; therefore, the inter- 
facial energies do not have their final 
(equilibrium) values. (Other factors 
may enter into “hysteresis” in con- 
tact angle measurements also.*) 


References given at end of paper. 
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Fic. 1—ReLationsHip BETWEEN PREFER- 
ENTIAL WETTING AND Contact ANGLE. 


However, measured contact angles 
correctly reflect the values of the in- 
terfacial free energies (changing or 
stationary) which happen to exist at 
the moment of measurement. These 
angles, therefore, can be used to fol- 
low the approach of the liquid-solid 
surface to adsorption equilibrium. 
Of course, the equilibrium (preferen- 
tial) wetting for the system can only 
be measured when all interfaces ac- 
tually are in adsorption equilibrium. 

Laboratory studies have indicated 
that for water-oil-solid systems, ad- 
sorption equilibrium is sometimes ap- 
proached with extreme slowness, re- 
quiring several hundred hours to 
reach equilibrium. A full discussion 
of contact angle measurements is be- 
yond the scope of this paper. How- 
ever, these studies have indicated 
that to measure the equilibrium con- 
tact angle in a matter of days or 
weeks, rather than months, it is 
necessary to make measurements in 
such a way that water is advanced 
over oil-solid surfaces which have al- 
ready reached adsorption equilib- 
rium’. The following procedures are 
based on these studies. 


EXPERIMENTAL PROCEDURE 


CONTACT ANGLE MEASUREMENTS 


To investigate the wetting proper- 
ties of reservoir fluids, contact angle 
measurements were made with sev- 
eral water and oil systems on flat 
polished mineral surfaces. Air-free 
crude oil and water samples from ac- 
tual reservoirs, and synthetic oil and 
water systems used in displacement 
tests were studied. Measurements 
with water and oil from sandstone 
reservoirs were made on polished 
quartz surfaces. Those from lime- 
stone reservoirs were measured on 
polished calcite surfaces. 


In preparation for the measure- 
ments, the polished quartz surfaces 
were cleaned by scrubbing with hot 
detergent solution, followed by rins- 
ing with large volumes of hot tap 
water and finally with distilled water. 
Surfaces prepared in this way ap- 
peared grease-free and were strongly 
water-wet. In addition to being 
scrubbed with detergent solution, cal- 
cite surfaces were also scrubbed with 
precipitated chalk, then immersed for 
approximately 15 seconds in 10° 
molar HCl, and finally rinsed with 
distilled water. 


Measurements with the reservoir 
fluid samples were made in a closed 
apparatus at moderate pressures 
(usually about 500 psi) and at res- 
ervoir temperatures (95 to 135°F). 
The apparatus consisted of a monel 
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or, for some tests, stainless steel 
measuring cell with glass windows, 
Stainless steel lines and vessels for 
holding water and oil, pressure trans- 
mitters to isolate test fluids from the 
hydraulic system and a hydraulic sys- 
tem for controlling movement of 
fluids. A pump was provided to cir- 
culate water through the cell and also 
through a vessel containing both oil 
and water. The purpose of the latter 
vessel was to maintain chemical 
equilibrium between the test fluids. 

Inside the cell the “solid” surface 
was held on an adjustable position- 
ing post so that location of the solid 
surface could be changed as needed. 
The entire cell was filled with the 
water phase. A drop of oil was then 
placed on the solid surface by means 
of a moveable dropper tip. The cell 
was provided with a light source and 
a Polaroid-back reflex camera so that 
observations could be conveniently 
recorded. Measurements of contact 
angle were made directly from photo- 
graphs. 

Because of adsorption equilibrium 
considerations, it was desired for 
each pair of fluids studied to meas- 
ure the “water-advancing” contact 
angle as a function of the age of 
the oil-solid surface. (By water-ad- 
vancing contact angle is meant the 
limiting contact angle obtained after 
the water has been advanced over 
solid surface just previously covered 
by oil.) 

To make the water-advancing 
measurements as a function of oil- 
solid interfacial age, a arop of oil 
was placed in contact with the water- 
covered solid surface and allowed to 
remain undisturbed for a period of 
time. Then the water was made to 
advance over the aged oil-quartz sur- 
face. When the water stopped ad- 
vancing across the surface, the water- 
advancing angle corresponding to the 
oil-solid surface age was obtained. 

After another period the water was 
made to advance again, and another 
value of water-advancing contact an- 
gle corresponding to the new oil-solid 
age was obtained. Additional values 
were obtained by repeating this pro- 
cedure to obtain a curve for water- 
advancing contact angle as a func- 
tion of the age of the oil-solid sur- 
face. 

To determine effect on the wetting 
properties of changing pH and salin- 
ity of the water phase, solutions of 
NaOH, HCl, or NaCl were added 
to the water phase, and the contact 
angles corresponding to the new con- 
ditions were determined. 
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DISPLACEMENT TESTS 


To determine if waterflood effi- 
ciency could be improved by a man- 
ipulation of wettability, displacement 
tests were performed with synthetic 
oil and water phases in unconsoli- 
dated sand cores. The oil phase was 
made from Soltrol C by: (1) two 
successive washings with an acid 
composed of 70 per cent concen- 
trated H.SO, and 30 per cent P.O,, 
(2) washing with water, and then 
(3) passing the oil through a silica- 
gel column. Oil prepared in this way 
is apparently free from surface-active 
impurities and comparatively stable 
towards formation of new surface- 
active impurities by oxidation. 

Clean mineral surfaces, such as 
quartz, calcite and dolomite are 
strongly preferentially water-wet in 
the presence of treated Soltrol. So 
that studies could be made at other 
wettability conditions, small amounts 
of n-octylamine (10° to 10° mol/ 
liter) were added as a surface-active 
material. 

The preferential wetting conditions 
could be varied over a wide range 
by changing the pH and salinity of 
the water phase. Hydrochloric acid 
and sodium chloride, respectively, 
were used to vary the pH and salin- 
ity of the water phase. To vary vis- 
cosity of the test fluids, Soltrol C and 
mineral oil were blended in the de- 
sired proportions. Contact angle 
measurements with the test fluids 
were made in an open glass tray on 
a polished quartz crystal. 

The cores used in displacement 
tests were prepared by packing a Lu- 
cite tube (2-in. OD X 0.25-in. wall 


thickness) with washed Ottawa sand 
of approximate mesh size — 120 to 
+ 200. The cores had an average 
porosity of about 34 per cent and 
an average permeability of about 3 
darcies. A fresh sand pack was used 
for most of the displacement experi- 
ments. 

Cores were evacuated and then 
saturated with de-gassed test fluids. 
After saturation they were allowed 
to stand for a minimum 16 hours 
to allow the sand surface and the 
test fluids to approach adsorption 
equilibrium. Just prior to starting the 
flood, an additional pore volume of 
oil was flowed through the core. The 
nature of the displacement test deter- 
mined the displacing phase to be 
used. In those tests where no wetting 
change occurred, the displacing phase 
was water which had been previously 
equilibrated with the oil in place. 

To evaluate the effect of altering 
the wettability, either the pH or salin- 
ity of the displacing phase was al- 
tered, as indicated by the contact an- 
gle measurements, to cause the de- 
sired wetting change to occur during 
the course of the displacement. All 
flow tests were performed at constant 
injection rate and at room tempera- 
ture. 


RESULTS 


CONTACT ANGLE STUDIES 


Fig. 2 shows water-advancing con- 
tact angles vs age of the oil-solid sur- 
face for six crude oil and water sam- 
ples, and for the synthetic system. 
For most of the curves shown, the 
water-advancing contact angle in- 
creases with increased age of the oil- 


WATER —ADVANCING CONTACT ANGLE ( DEGREES ) 
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10 100 1000 


AGE OF OIL-SOLID SURFACE (HOURS) 


O CRUDE A, ON CALCITE AND DOLOMITE, NATURAL pH 
® CRUDE 8B, ON QUARTZ, NATURAL pH 
© CRUDE C, ON QUARTZ, NATURAL pH 
A CRUDE D, ON QUARTZ, NATURAL pH 


@ CRUDE E, ON CALCITE, NATURAL pH 
D CRUDE F, ON QUARTZ, NATURAL pH 
@ SYNTHETIC SYSTEM, ON QUARTZ 


Fic. 2—WATER-ADVANCING Contact ANGLE vs AGE OF OIL-SOLID 
INTERFACE NATURAL AND SYNTHETIC OIL-WATER-SOLID SYSTEMS. 
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solid surface. In the figure only one 
crude oil-water system (Crude C) 
shows no change in water-advancing 
contact angle with increased oil-solid 
age. 
The synthetic system (G) and 
three of the crude oil systems (D,E, 
A) achieved contact angles greater 
than 90° (measured through the 
water phase) and, hence, preferen- 
tial oil-wetness after sufficiently long 
contact between the oil and the solid. 
With some of the systems, as shown 
in Fig. 2, the water-advancing con- 
tact angle continued to increase even 
beyond an oil-solid age of several 
hundred hours. With others, a con- 
stant value of the contact angle was 
reached after about 20 or more 
hours. 

The effect of changing water-phase 
compositions is shown for the reser- 
voir oil and water samples in Fig. 
3 and for the synthetic laboratory 
system in Fig. 4. Crudes B, C and D 
(shown by Curves B, C and D in 
Fig. 3) were measured on quartz. 
Crude E (shown by Curve E in Fig. 
3) were measured on calcite. The 
“natural” pH of the water is indi- 
cated for each curve by the small 
vertical arrow. Except for Curve C 
a wide variation in contact angle 
with pH is found. Two curves are 
shown for Crude D, one for a water- 
phase composition of 15,000 ppm 
NaCl and the other for 150,000 ppm. 
A significant change of wetting with 
change in water-phase salinity is 
noted for Crude D. By contrast, al- 
though Crude E shows a wide varia- 
tion in contact angle with change in 
pH, no effect of salinity change was 
observed. 


O CRUDE D, 15,000 ppm Na Cl, QUARTZ SURFACE 
@ CRUDE D, 150,000 ppm No Cl, QUARTZ SURFACE 
® CRUDE 8, RESERVOIR WATER, QUARTZ SURFACE 
© CRUDE C, RESERVOIR WATER, QUARTZ SURFACE 
O CRUDE E,RESERVOIR WATER, CALCITE SURFACE 
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DISPLACEMENT TESTS 


Displacement tests were performed 
in the unconsolidated cores with the 
synthetic fluids to determine if oil 
recovery efficiency could be improved 
by making gross wettability changes 
during the course of a waterflood op- 
eration. Tests were made under 
water-wet conditions, under oil-wet 
conditions and under conditions such 
that the wettability was completely 
reversed during the flood. These 
last are called “wettability-reversal 
floods”. 


The results of “conventional” 
water floods (those in which wettabil- 
ity-reversal does not occur) per- 
formed under preferentially water- 
wet conditions are shown in Table 1. 
The average residual oil saturation 
resulting from these floods was 16.4 
per cent of the pore volume. The re- 
sults of conventional water floods per- 
formed under preferentially oil-wet 
conditions (n-octylamine present in 
the saturating oil) are shown in Table 
2. Because short cores were used, a 
significant part of the residual wet- 
ting phase saturation (oil) was re- 
tained in the cores at flood-out at 
the low displacement rates by “cap- 
illary end effect”. 

To measure the residual oil satu- 
ration in the absence of capillary end 
effect, after flood-out at the low rate 


O ZERO ppm No Cl WATER PHASE 
170+ 4 25,000 ppm No Cl WATER PHASE 
@ 50,000 ppm Na Cl WATER PHASE 


OIL WET 


WATER-ADVANCING CONTACT ANGLE (DEGREES) 


L 


2 10 


4 6 8 
WATER-PHASE pH 


Fic. 4—CHANGE IN CONTACT ANGLE WITH 
CHANGE IN pH AND SALINITY, SYNTHETIC 
SYSTEM. 


(in most cases a water-oil ratio of 
greater than 100 to 1 was achieved) 
the rate was increased by steps to 
100 ft/D. (Rate of advance was cal- 
culated assuming injected water 
moves through all pore space in any 
plane perpendicular to direction of 
flow). In those floods with low-vis- 
cosity oil (1.42 cp) the average re- 
sidual oil saturation was 18.1 per 
cent of the pore volume. 

The results of wettability-reversal 
floods performed in initially oil-wet 


TABLE 1—CONVENTIONAL WATER FLOODS IN WATER-WET OTTAWA SAND CORES 


Total 
Core Oil Connate Displace- through- Residual oil 
length viscosity water Displacing ment rate put (pore Final saturation 

Run No. (in.) (cp) (per cent PV) phase (ft/D) volumes) WOR (per cent PY) 
1 6 1.42 19.9 H2O 2 1.28 > 100 15.0 
30 2.24 > 100 15.0 
2 6 1.42 19.9 H2O a P59 > 100 16.2 
30 2.56 > 100 16.0 
3 6 1.42 25.6 H2O 2 101 > 100 
30 1.58 > 100 17.2 
4 6 1.42 22.0 H2O 2 1.48 > 100 16.0 
5 6 1,42 20.8 HO 5 2.12 > 100 15.8 
30 2.80 > 100 155 
6 6 1.42 27.0 HO 30 2.38 > 100 18.4 
50 3.30 > 100 18.4 


TABLE 2—CONVENTIONAL WATER FLOODS IN OIL-WET OTTAWA SAND CORES 


Total 
Core , Oil Connate Displace- through- Residual oil 
length viscosity water Displacing ment rate put (pore Final saturation 
Run No. (in.) (cp) (per cent PY) phase (ft/D) volumes) WOR (per cent PY) 
7 3 1.42 0 H2O 2 91 33 31.4 
30 1.83 > 100 21.6 
100 5.00 > 100 18.4 
8 6 1.42 0 H2O 1.95 > 100 
30 2.76 > 100 18.4 
100 3.91 > 100 (peers 
9 24 1.42 0 H2O 2 Ua. > 100 23.1 
30 1.60 98 18.6 
100 2.88 80 16.5 
10 114 1 42 0 H2O 2 nO, > 100 26.5 
1.98 > 100 
] 2.69 > 100 23.9 
1 114 1.42 0 1.01 > 100 18.7 
i 1.42 > 100 17.8 
12 6 1.42 205 H20 2 1.40 48 Wee 
1.95 93 17.8 
100 2.91 65 16. 
13 6 4.25 0 H2O 2 1.20 90 a 
ing 2.84 > 100 19.1 
4.50 > 100 17. 
14 6 15.0 0 H2O 2 1.19 “24 we 
30 5.57 > 100 
15 6 35.0 0 20 2 4.0 53 50.8 
16 24 35.0 0 H2O 2 1.12 34 50.7 
17 24 35.0 0 io) 1 1.82 12 52.1 
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cores saturated with a low-viscosity 
oil are listed in Table 3. Average 
residual oil saturation resulting from 
the 0.025-N HC! (0.025-N acid was 
optimum acid concentration for the 
experimental system) and 50,000- 
ppm brine floods is 9.5 per cent pore 
volume. Other tests are shown in 
which the acid concentration of the 
displacing phase was varied. When a 
strong acid (1.0-N HCl) was used 
as the displacing phase, the oil re- 
covery was about the same as ob- 
tained by conventional water floods. 


Table 4 lists the results of those 
wettability-reversal floods performed 
with the more viscous oils. Compar- 
ing the results of these floods with 
results of the conventional water 
floods (Table 2) shows that the 
amount of improved recovery by 
wettability-reversal flood is even 
greater with the more viscous oils. 
The producing water-oil ratio curves 
for those floods involving the 35-cp 
oil are shown in Figs. 5, 6 and 7. 

To test operability of the wettabil- 
ity-reversal technique in very long 
systems, acid floods were also made 
subsequent to conventional water 
floods. Results of these tests are 
shown in Table S. In those tests with 
1.42-cp oil for which the initial neu- 
tral water flood was made at 2 ft/D 
(Runs 43, 44 and 45), almost as 
much additional oil was recovered in 
the subsequent flood with acid as 
when acid was used from the begin- 
ning. However, when oil saturation 
was reduced by increasing the neutral 
waterflood rate to 100 ft/D (Runs 
41 and 42), only a small amount of 
additional oil was recovered by the 


TABLE 3—WETTABILITY-REVERSAL IN 


subsequent acid flood. In the tests 
made with 35-cp oil a high residual 
was left by the neutral water flood, 
and recovery by subsequent acid 
flood was about the same as when 
acid was used from the beginning. 


DISCUSSION 


RESERVOIR WETTABILITY 


The mineral surfaces on which the 
contact angles were measured are 
strongly water-wet in the presence 
of surfactant-free oil and water. 
However, with some of the systems 
studied, high contact angles were 
measured after the oil had contacted 
the solid surfaces for long times 
(Fig. 2). Therefore, it is apparent 
that several of the crude oils con- 
tain natural surface-active materials 
capable of imparting oil-wetness to 
otherwise water-wet surfaces. 


Reservoir rock surfaces are be- 
lieved to have adsorption behaviors 
roughly comparable to those of the 
contact angle surfaces since composi- 
tions of the solid surfaces are about 
the same. Further, reservoir surfaces 
have had sufficient time to reach ad- 
sorption equilibrium with those nat- 
ural surfactants present in the reser- 
voir fluids. Consequently, surfaces of 
some reservoirs may, over geologic 
time, have become less preferentially 
water-wet and, in some cases, prefer- 
etially oil-wet after having contacted 
the reservoir fluids. Therefore, it is 
concluded that preferential wetting 
of many reservoirs may be largely 
controlled by natural surface-active 
components of the reservoir fluids. 
Substantially the same conclusion has 


OIL-WET OTTAWA SAND CORES 


Total 
Core Oil Connate Displace- through- Residual oil 
length viscosity water Displacing ment rate put (pore Final saturation 
Run No. (in.) (cp) (per cent PV) phase (ft/D) volumes) WOR (per cent PY) 
18 6 1.42 0 0.025-N HCl 2 1.75 > 100 9.6 
19 6 1.42 0 0.025-N HCl! 2 2.46 
20 6 1.42 (0) 0.025-N HAC 2 1.8 _ 9.1 
21 10 1.42 0 0.025-N HCl 2 2.02 _— 10.1 
22 114 1.42 0 0.026-N HC] 2 Vay: — 10.3 
23 6 1.42 0 50,000-ppm NaCl 2 1.39 > 100 He) 
30 1.89 > 100 5.9 
24 24 1.42 0 50,000-ppm NaCl za 1.24 > 100 9.7 
39 1.51 > 100 9.1 
25 6 1.42 19.5 0.025-N HCl 2 377 > 100 8.9 
26 6 1.42 20.9 0.025-N HCl 2 2.66 > 100 12.6 
27 6 1.42 20.5 0.025-N HCl 2 2:43 — 10.9 
28 6 1.42 21.5 0.025-N HCl 2 2.09 > 100 8.8 
29 6 1.42 20.6 0.01-N HCl 2 3.83 as Te 
30 24 1.42 2151 0.01-N HCl 7) > 100 17253 
31 6 1.42 20.8 0.05-N HCl 2 Zilia > 100 10.3 
32 24 1.42 21.4 0.10-N HCl 2 1.24 > 100 Lites) 
33 6 1.42 20.5 1.0-N HCl 2 1,51 > 100 17.3 
34 6 1.42 22.0 1.0-N HCl 30 1.41 —_ 16.0 
TABLE 4-—WETTABILITY-REVERSAL FLOODS WITH VISCOUS OILS 
Total 
Core Oil Connate Displace- through- Residual oil 
length viscosity water Displacing ment rate put (pore Final saturation 
Run No (in.) (cp) (per cent PV) phase (ft/D) volumes) WOR (per cent PY) 
35 6 4,25 0 0.025-N HCl 74 2.42 _— 10.7 
36 6 4.25 (0) 0.025-N HCl 2 3.74 — 8.7 
37 6 15.0 0 0.025-N HCl 2 4.07 — 6.5 
38 6 S5.0) 0 0.025-N HCl 2 4,52 12 4.8 
39 24 35.0 0 0.025-N HCl 2.55 53 
40 24 35.0 0 0.025-N HCl ] WEY 2 8.9 
VOL. 216, 1959 
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TABLE 5-—WETTABILITY-REVERSAL PERFORMED SUBSEQUENT TO WATER FLOOD 


Core Oil Connate 
length viscosity water Displacing 
Run No. (in.) (cp) (per cent PY) 5 phase _ 
1.42 0 H2O 
0.025-N HCl 
42 114 1.42 0 H2O 
0.025-N HCl 
43 1,42 0 H20 
0.025-N HCl 
44 24 1.42 0 H»O 
0.025-N HCl 
45 24 1.42 0 H2O 
0.025-N HC] 
46 6 1.42 0 H2O 
0.025-N HCl 
47 6 35.0 0 He’ 
0.025-N HCl 
48 24 35.0 0 H20 
0.025-N HCl 
49 24 35.0 0 


H2O 
0.025-N HCl 


Total 


Displace- through- Residual oil 
ment rate put (pore Final saturation 
(ft/D) volumes) WOR, (per cent PY) 
1.96 = 31.7 
30 2.73 18.4 
100 3.90 — 1557) 
2 5.37 — 15.3 
2 26.5 
30 1.98 — 25.0 
100 2.76 _ 23.9 
3.93 21.0 
2 1.18 — 26.2 
2 3.72 
2 1.07 13.7 
4 2.48 6.9 
2 1.00 24.6 
2.66 ATS 
2 Tal — 24.6 
2 10.9 
2 4.0 53 50.8 
2 79 12 10.4 
2 PI 34 50.7 
4.) 5 30.8 
1 1.8 12 | 
] 3.4 8 21. 


been reached by Bobek, Mattax and 
Denekas.* 

It is also apparent from the data 
in Fig. 2 that relatively long times 
are required for the oil to reach ad- 
sorption equilibrium after contacting 
the solid surface. Contact angle 
values are shown to increase with in- 
creasing age of the oil-solid surfaces. 
These results are interpreted as show- 
ing a decrease in the oil-solid surface 
free energies with increase in age; 
thus, the slow approach of the oil- 
solid surfaces to adsorption equilib- 
rlum, as surface-active components 
adsorb from the oil. Adsorption of 
surface-active components from the 
oil which occurs during this period 
is apparently reversible. 

Even though an oil-wet condition 
be established on a solid surface by 
allowing an oil drop to age in contact 
with the surface, if the oil which 
contains the natural surfactant is re- 
moved, the surface becomes pref- 
erentially water-wet again. When the 
oil drop is placed back where high 
contact angles had been measured, 
low contact angles are measured un- 
til adsorption equilibrium is re-estab- 
lished. 

These observations on the rates of 
adsorption equilibrium attainment 
are pertinent to the problem of re- 
producing reservoir wetting condi- 
tions in laboratory contact-angle 
measurements and in laboratory core 
tests. The original reservoir wetting 
of the core may be quickly destroyed 
by invasion of water during coring 
operations. Thus, even though reser- 
voir rock, oil, and water are used in 
core tests, original reservoir wetting 
does not exist unless sufficient time is 
allowed for adsorption equilibrium 
to be established under laboratory 
test conditions. For example, unde- 
sirable effects may have been caused 
in the special coring operations re- 
ported by Bobek, Mattax, and Dene- 
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kas’ by invasion of water into the 
cores. Because of water invasion, ad- 
sorption equilibrium may not have 
been achieved under their experi- 
mental conditions. It is concluded 
that even though reservoir rock, oil, 
and water be used, reservoir wettabil- 
ity is not reproduced in laboratory 
core tests unless the solid surface is 
brought into surface equilibrium with 
the reservoir fluids. 


CHANGING RESERVOIR 
WETTABILITY TO IMPROVE 
WATERFLOOD EFFICIENCY 


Several previous investigations 
have been concerned with the use of 
synthetic surface-active agents to im- 
prove oil displacement, presumably 
by altering reservoir wettability.’ Be- 
cause of adsorption problems in the 
reservoir and the resulting cost con- 
siderations, the use of such agents in 
flood water to improve displacement 
efficiency has net in the past ap- 
peared commercially attractive. 


On the other hand, results in Fig. 
3 show that gross changes in prefer- 
ential wetting can be caused by ad- 
dition of simple chemicals to the 
water. One example is given (Crude 
D) in which merely increasing the 
salinity of the water phase com- 
pletely changes the wetting character- 
istics of the fluids. The wettability 
of all of the fluid pairs (except 
Crude C which presumably does not 
contain surface-active materials in 
appreciable quantity) shows a strong 
dependence on pH. Also, Reisberg 
and Doscher’ have reported that wet- 
ting properties of Ventura crude are 
changed by changes in water-phase 
pH. 

From these results it is speculated 
that gross changes in the wettability 
of some reservoirs can be accom- 
plished merely by adding simple 
acid, bases or salts (depending upon 
wetting properties of the reservoir 


fluids) to the flood water. Therefore, 
simple changes in flood water compo- 
sition could conceivably produce res- 
ervoir wetting changes resulting in 
increased waterflood efficiency. 

Conventional water floods per- 
formed in the synthetic cores under 
water-wet and oil-wet conditions re- 
sulted in an average residual oil satu- 
ration of 16.4 per cent pore volume 
and 18.1 per cent pore volume, re- 
spectively. It was learned from con- 
tact-angle measurements with both 
crude and synthetic systems that 
gross changes in wettability could 
sometimes be made by altering the 
pH or salinity of the water phase. 
Displacement tests were performed 
to determine if oil recovery efficiency 
could be improved by making gross 
wetting changes during a waterflood 
operation. 

In these tests initially oil-wet cores 
were made water-wet during the dis- 
placement operation by altering the 
PH or salinity of the displacing phase 
as indicated by the contact angle 
measurements. It is evident from 
contact angle curves of Fig. 4 that 
either 0.025-N HCl (pH = 1.6) or 
50,000-ppm NaCl would preferen- 
tially wet a quartz surface in the 
presence of the original oil. Initially 
oil-wet quartz sand cores saturated 
with low-viscosity oil (1.42 cp) and 
flooded with the above water phases 
resulted in an average residual oil 
saturation of 9.5 per cent pore 
volume. 


This represents an increase in oil 
recovery of abcut 7 to 8 per cent 
pore volume over that obtained in 
the conventional water floods in 
which no wetting changes occurred. 
Therefore, it is concluded that re- 
versing the wettability of a porous 
material (from oil-wet to water-wet) 
during a water flood will result in an 
increase in oil recovery over that ob- 
tained where no wetting change oc- 
curs. 


Results in Table 3 show an ef- 
fect of acid concentration on re- 
sidual oil. This is interpreted as 
showing that “timing” of the wetta- 
bility “switch” in the laboratory wet- 
tability-reversal floods is important. 
In two tests shown in Table 3 a 
strong acid (1.0-N HCl) was used as 
the displacing phase. Residual oil 
saturation resulting from these floods 
averaged 16.7 per cent pore volume 
which is no improvement over the 
recovery obtained in conventional 
water floods. This has been inter- 
preted as being the result of the 
strong acid imbibing ahead of the 
main flood front and reversing the 
wettability prematurely. As a result 
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oil is trapped under essentially water- 
wet conditions; therefore, optimum 
recovery is not achieved. 

It is doubtful that a premature re- 
versal in wetting would ever occur 
under field conditions in a wettabil- 
ity-reversal flood. Dilution with con- 
nate water, reaction with the reser- 
voir surface, and reaction with the 
surfactant all tend to deplete the 
acid, particularly in a very long sys- 
tem. For this reason, the wettability 
switch should tend to be delayed 
rather than premature in the field. 
Other displacement tests show the 
effect on oil recovery of delaying the 
wettability-reversal. 

In these laboratory tests the acid 
depletion results from its reaction 
with the surfactant. When a weak 
acid (0.01-N HCl) was used as the 
displacing phase, an average residual 
oil saturation of 11.8 per cent pore 
volume resulted. In these runs the ef- 
fects on oil recovery of delaying the 
wettability change should have been 
magnified because the weaker acid 
would be depleted much faster than 
the 0.025-N HCl. Oil recovery was 
not appreciably affected by the de- 
lay, but the total water throughput 
required to produce oil was greater 
than when the stronger acid was 
used. 

Conceivably, the major portion 
of a reservoir might be flooded under 
its initial oil-wet condition before re- 
versal in wettability occurred. Oil re- 
covery under this condition was de- 
termined by flooding initially oil-wet 
cores first with neutral water and 
later by acid (Table 5). In these 
tests the acid floods decreased re- 
sidual oil saturation left by the neu- 
tral water floods made at a rate of 
2 ft/D. However, additional oil was 
not recovered by acid if the neutral 
water flood had been made at 100 
ft/D. This is interpreted to mean 
that oil remaining after the high rate 
neutral flood was actually discon- 
tinuous and therefore non-recover- 
able. It is thus indicated that the 
wettability-reversal process will im- 
prove oil recovery in long systems 
provided oil continuity exists when 
wettability-reversal occurs. 

Other factors being equal, oil re- 
covery by water flooding is lower the 
higher, oil viscosity. This is because 
the higher the oil viscosity the lower 
is recovery at water breakthrough 
and the more rapid is rise of water- 
oil ratio to an economic limit. In this 
study waterflood efficiency has been 
determined in the experimental sys- 
tem over an oil viscosity range from 
1.42 to 35 cp. 

Waterflood test results in this vis- 
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cosity range are shown in Table 2. 
With more viscous oils, about 50 per 
cent of the original oil in place was 
left unrecovered following water 
floods at displacement rates of 1 to 
2 ft/D. Producing WOR for those 
tests made with the 35-cp oil are 
shown in Figs, 5, 6 and 7. Note that 
water breakthrough occurred early 
and that the producing water-oil ra- 
tio thereafter rapidly increased. For 
comparison with these conventional 
water floods, production perform- 
ances of wettability-reversal floods 
performed in the same systems are 
compiled in Table 4 and shown gra- 
phically in Figs. 5, 6 and 7. In 
these wettability-reversal floods water 
breakthrough sometimes occurred 
early in the flood, but almost all pro- 
duction was obtained at low WOR. 


From 20 to 45 per cent pore space 
more of the oil in place was recov- 
ered by the wettability-reversal pro- 
cess than by conventional water 
floods. Even when wettability-rever- 
sal floods were performed subsequent 
to water floods, essentially the same 
percentage increase in oil recovery 
was observed (see Table 5 and Figs. 
5, 6 and 7). Thus, over the viscosity 
range studied, the higher the oil vis- 
cosity the greater is the percentage 
improvement in oil recovery caused 
by wettability-reversal. 


A POSSIBLE FIELD PROCESS 

The contact angle studies have in- 
dicated that there may be a simple 
way to make gross wettability changes 
in some reservoirs. Depending upon 
properties of the natural surface-ac- 
tive substances present in a particular 
reservoir, it is indicated that reser- 
voir wettability can be changed by 
the addition of simple inexpensive 
chemicals to the flood water (acids, 
bases or salts). 

The wettability-reversal flood tests 
with the synthetic system have shown 
that gross changes in wetting can 
lead to increased oil recovery from a 
porous medium. It should be pointed 
out, however, that comparable re- 
sults with natural systems are not 
available, as yet, because of the diffi- 
culty of obtaining surface equilib- 
rium in natural systems. Neverthe- 
less, the present results suggest the 
possibility that precise adjustment of 
reservoir wettability may not be re- 
quired to improve recovery. It is in- 
dicated that merely making the gross 
wetting change from oil-wet to water- 
wet will improve the displacement 
efficiency. (It seems possible that 
such a wettability change could also 
improve over-all sweep efficiency by 


increasing capillary attraction for the 
invading water.) 

The present results do not define 
the minimum amount of wetting 
change capable of improving oil re- 
covery. In the synthetic system tests 
using 0.025-N HCl (pH of 1.6), the 
contact angle changed from approxi- 
mately 160° to 40° (Fig. 4). This 
amount of wetting change might not 
be obtainable with many natural sys- 
tems. However, other tests indicate 
that a smaller total wetting change 
is still sufficient to improve recov- 
ery. Thus, in those tests in which 
the core was flooded with 50,000 
ppm NaCl the wetting change was 
smaller (from 160° to 70°), yet the 
same increase in oil recovery was ob- 
served as with the acid floods. 

Though it is not yet proved, it is 
thought that, under some circum- 
stances, even smaller wetting changes 
would still be capable of improving 
oil recovery. It is, therefore, sup- 
posed that flooding techniques in- 
volving wettability changes can be 
successfully applied even to systems 
which are not as sensitive to pH or 
salinity changes as is the synthetic 
system employed here. 

To achieve a wettability-reversal 
in the field it would be necessary to 
achieve a certain water composition 
inside the reservoir (the particular 
composition depending upon the 
properties of the natural surface-ac- 
tive substances in the reservoir) and 
to move a bank of water having that 
composition through the reservoir. In 
some cases the pH of a reservoir 
would be decreased by injecting acid 
in the flood water. In other cases the 
pH of the reservoir water could be 
increased by injecting base with the 
flood water. 

Actual water composition achieved 
inside the reservoir would depend 
upon composition of the injected 
water and on the reaction which 
would occur between injection water 
and reservoir. For example, a large 
amount of reaction might be ex- 
pected when injecting acid into a 
limestone reservoir or other carbona- 
ceous formation. Even so, straight- 
forward equilibrium calculations in- 
dicate that because of common ion 
effects some decrease in pH can be 
achieved at moderate cost even in 
limestone reservoirs. 

It is believed that reversing the 
wettability of a reservoir in the di- 
rection water-wet to oil-wet may not 
improve the oil displacement effi- 
ciency. After it moves some distance 
through the reservoir, the leading 
edge of the flood water will have 
about the same composition as water 


already in the reservoir because of 
dilution or reaction with substances 
in the formation. Therefore, in a field 
operation the formation would be 
flooded under its initial wetting con- 
ditions for a while before the wetta- 
bility is reversed. 

Residual oil in flooded-out water- 
wet porous media is generally be- 
lieved to exist as isolated discon- 
tinuous portions. In water-wet reser- 
voirs, then, oil would be trapped by 
the first water through as isolated 
discontinuous portions not recover- 
able by a wettability-reversal. On the 
other hand, oil remaining behind the 
depleted leading edge of the flood 
water in oil-wet reservoirs may be 
continuous so that oil released by re- 
versing the wettability can be recov- 
ered. There is, of course, nothing in 
the present study to indicate recov- 
ery from water-wet reservoirs can 
not be improved in some other way, 
such as a drastic lowering of inter- 
facial tension or perhaps emulsifica- 
tion. 


Results of this study indicate that 
through a wettability-reversal in- 
creases in waterflood oil recovery 
may be obtainable from reservoirs 
which are oil-wet because of rever- 
sibly adsorbed natural surface-active 
substances. Furthermore, because 
wettability-reversal operates with in- 
creased effectiveness the higher the 
oil viscosity (over the range studied), 
it is speculated that water flooding 
may thereby be extended to reser- 
voirs which contain oils whose vis- 
cosities are now considered too high 
for successful water flooding. 


ORNES 


1. Preferential wetting of many 
reservoirs may be primarily con- 
trolled by the natural surface-active 
components of the reservoir fluids. 

2. Even though reservoir rock, oil 
and water be used, reservoir wetta- 
bility is not reproduced in laboratory 
core tests unless the solid surface is 


brought into surface equilibrium with 
the reservoir fluids. 


3. Reversing wettability of a por- 
ous material (from oil-wet to water- 
wet) during a water flood will result 
in an increase in oil recovery over 
that obtained where no wetting 
change occurs. 
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Swept Areas After Breakthrough in Vertically 
Fractured Five-Spot Patterns 


Potentiometric model data have 
been obtained to estimate the effect 
of vertical fractures on the areas 
swept after breakthrough in water 
flooding and miscible displacement 
programs such as gas cycling where 
the mobility is near one. The data 
are presented for the case of the five- 
spot pattern in which the center well 
is fractured various lengths and 
orientations. The data indicate that 
for 10-acre spacing, fractures ex- 
tending over 200 ft in either direc- 
tion from the fractured well may re- 
sult in reductions in sweep efficien- 
cies from 72 to approximately 34 
per cent. However, the area swept 
after breakthrough may be quite large 
and only 10 or 12 per cent less than 
would be obtained if the reservoir 
were not fractured. 

For the specific case when the 
volume of fluid injected is equivalent 
to 100 per cent of the pattern vol- 
ume, the swept area may vary from 
80 to 88 per cent, depending on the 
length of the fracture. The former 
value is that which occurs when the 
breakthrough or sweep efficiency was 
only 34 per cent and the latter fig- 
ure of 88 per cent is that which is 
obtained if the reservoir were unfrac- 
tured. It is pointed out that although 
the sweep efficiency may be very low 
in vertically fractured five-spot pat- 
terns, the area swept at low water- 
oil ratios may be only 5 to 10 per 
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cent less than those achieved if the 
reservoir were unfractured. 


Since the initiation of commercial 
reservoir fracturing techniques it has 
been desirable to determine the effect 
of fractures on the areas swept after 
breakthrough. Most water flooding 
or gas cycling projects are continued 
for substantial periods after the 
breakthrough of the injected fluid. 
Although the sweep efficiency serves 
as one criterion for rating various 
flooding patterns, the area swept af- 
ter breakthrough for various water- 


oil ratios or percentage wet gas, if 


cycling, is of perhaps more impor- 
tance than the sweep efficiency alone. 
Sweep efficiency data on the ver- 
tically fractured five-spot have been 
presented’. 

Previous work on the line-drive 
pattern has shown the effect of ver- 
tical fractures on the area swept af- 
ter breakthrough for the case in 
which the distance between injec- 
tion and producing wells divided by 
the distance between adjacent input 
wells was equivalent to 1.5 (see Ref. 
2). The data indicated that for the 
line-drive pattern it may be desirable 
to flood or cycle substantially per- 
pendicular to the fractures in order 
to achieve the greatest recovery for 
the smallest volume of fluid injected. 
For this study the center well of a 
five-spot is assumed as the fractured 
well. 

All fractures were assumed to 
originate at this well and extend into 
the reservoir for various distances 
and orientations. All the fractures 
are straight and are of large per- 
meability compared to the matrix 
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proper. These data are presented to 
aid the engineer in estimating frac- 
tured five-spot pattern performance. 


The potentiometric model was 
used in making this study. The model 
used was 20 X 20 in. by approxi- 
mately 1-in. deep. For certain por- 
tions of the study one corner of this 
model was considered to be an in- 
jection well and the opposite corner 
a production well. To simulate ver- 
tical fractures a copper sheet was 
soldered to the wire well and made 
to conform to the desired length and 
orientation. 

In other studies the same model 
was used except that the four cor- 
ners of the model might be consid- 
ered as the corner wells of a five- 
spot pattern and a fifth well was 
placed in the center of the model. 
The well placed in the center of the 
model was fractured. The total frac- 
ture length is L and the well spacing, 
d. The complimentary fracture an- 
gles will be obvious from Figs. 3 
and 4. 

The data obtained on the potentio- 
metric model assumes the pay to be 
uniform and homogeneous, the mo- 
bility ratio is one, steady-state con- 
ditions exist and gravity effects are 
neglected. The permeability of the 
fractures is very great compared to 
that of the matrix proper. The po- 
tentiometric model has been used 
widely both in water flooding and 
gas cycling projects, and may be 
used for miscible displacement; how- 
ever, it is believed that the poten- 
tiometric model data are more prop- 
erly applicable to gas cycling than 
water flooding because the model as- 
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TIMES. 


sumes a mobility ratio of one. Pri- 
marily, for this reason the results of 
the data are given in terms of gas 
cycling. However, competent engi- 
neers may use the data for estimat- 
ing results of some water flooding 
and miscible displacement programs. 


SWEPT AREAS” AETER 
BREAKTHROUGH 


Fig. 1 shows the dry gas at various 
times in cycling a vertically fractured 
five-spot pattern. The upper portion 
of the figure shows the position of 
the dry gas-wet gas interface when 
the center well is the injection well 
and the lower part of the figure 
shows the position of the dry gas- 
wet gas interface when the center 
well is the producing well. It will be 
noted that the vertical fracture length 
is 21.2 per cent of the well spacing. 


For a 640-ft well spacing this 
would correspond to a total fracture 
length of 136 ft. The orientation is 
90 degrees from the y-axis shown. In 
the upper left-hand corner of Part 
B of Fig. 1 is shown the percentage 
swept area at various positions of 
the interface. The lower left-hand 
figure gives the per cent wet gas in 
the flow stream. The figure in the 
lower right-hand corner gives the 
volume of gas processed as a per- 
centage of the pattern volume. 

The lines marked a, 6, c, d and 
¢ in Pattern 1A correspond to the 
identical times shown on correspond- 
ing lines in the Pattern 1B. The num- 
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bers shown in the B figure giving 
the area swept, ver cent wet gas and 
per cent gas processed may be su- 
perimposed on the corresponding a, 
b, c, d or e line of the upper or A 
figure. 


In general, on each of the figures 
presented the dry gas-wet gas posi- 
tion is shown at two times before 
breakthrough, at breakthrough, and 
two times after breakthrough. It will 
be noted on the figure that the swept 
area at breakthrough is 71.3 per cent. 
If the pattern were unfractured, a 
sweep efficiency near 72.6 ver cent 
would be expected. When the vol- 
ume of gas processed is equivalent 
to 128 per cent of the pattern vol- 
ume, the per cent wet gas in the 
effluent wells would be near 11.1 per 
cent at which time 93.9 per cent of 
the pattern area would be swept. 

Fig. 2 is similar to Fig. 1 except 
that the vertical fracture is 35.4 per 
cent of the well spacing. For a 660- 
well spacing this would correspond to 
a fracture of 233 ft. Note that on this 
figure a sweev efficiency of 72.6 per 
cent is expected when 99.3 per cent 
of the displaceable pattern volume 
has been injected. The per cent wet 
gas will be approximately 38.1 per 
cent, and the area sweot will be near 
86.6 per cent. The differences in 
sweep efficiencies for Figs. | and 2 
and the unfractured pattern are con- 
sidered to be within the limits of 
the potentiometric model. 


Fig. 3 shows the dry gas position 
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at various times when the vertical 
fracture is 42.6 per cent of the well 
spacing, d, and oriented 15 degrees 
from the y-axis shown. This would 
correspond to a fracture of 282 ft 
in a 10-acre spacing. In this pattern 
a sweep efficiency of 66.8 per cent 
was obtained at which time break- 
through occurred at Wells 1 and 3. 
Upon the sustained injection of gas 
a swept area of 87.9 per cent was 
obtained when the per cent gas pro- 
cessed was 99.4 ver cent. The aver- 
age per cent wet gas at this time 
would be near 37 per cent. 

Fig. 4 shows the dry gas position 
at various times when the fracture at 
the center well is 70.7 per cent of 
the well spacing and is oriented 75 
degrees. The area swept at break- 
through is indicated to be 53.8 per 
cent. However, when the volume of 
fluid injected is 120 per cent of the 
pattern volume, the swept area would 
be near 88.7 per cent at which time 
the per cent wet gas would be near 
26.0 per cent. In looking at the lower 
part of Fig. 4 it is desired to point 
out that the position of wet gas-dry 
gas interface continues to move along 
the fracture as noted by lines d and 
e. Corresponding lines have a single 
dash and double dash, respectively. 

For example, when the No. 3 well 
is used as the injection well, it will 
be noted that the position of the 
wet gas-dry gas interface is shown 
by the solid line, c. The sustained 
injection of the fluid results in the 
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movement of the wet gas-dry gas in- 
terface along the upper part of the 
vertical fracture and very little fluid 
is obtained below this fracture as a 
result of fluid injected at No. 3 well. 
A certain portion of the fluid below 
the fracture is obtained, but this is 
due principally to the results of in- 
jecting at Well 2. 

Fig. 5 shows the dry gas position 
at various times when the vertical 
fracture is 42.4 per cent oi the well 
spacing, d, and is oriented at 30 de- 
grees as shown. The sweep efficiency 
of the pattern was 57.7 per cent. 
When the volume of gas injected is 
83.6 per cent of the pattern volume, 
the swept area was near 73.2 per 
cent and the wet gas was 53 per 
cent. 

Fig. 6 shows the dry gas position 
at various times for the case in which 
the vertical fracture is 70.7 per cent 
of the well spacing and was oriented 
60 degrees from the y-axis. The 
sweep efficiency or area swept when 
fluid first breaks through in this pat- 
tern is indicated to be near 44.6 per 
cent; however, when the volume of 
fluid injected is 94.6 per cent, note 
that the area swept will be near 79.8 
per cent, at this time the per cent wet 
gas will still be 44.9 per cent. From 
this pattern it is very clear that sub- 
stantial portions of the reservoir may 
be swept after breakthrough in ver- 
tically fractured reservoirs. 


Fig. 7 shows the dry gas posi- 
tion at various times when the ver- 
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tical fracture is 42.4 ner cent of the 
well spacing and is oriented 45 de- 
grees from the y-axis. The sweep 
efficiency of the pattern is 49.8 per 
cent; however, when the volume of 
gas processed is 80.8 ver cent of the 
pattern volume, the sweovt area will 
be near 73.4 per cent, and the wet 
gas will be 55 per cent. , 

Fig. 8 shows the dry gas position 
at various times when the fracture is 
70.7 per cent of the well spacing 
and oriented 45 degrees. Note that 
in this pattern the area sweot when 
the injected fluid first reaches a pro- 
ducing well is 34 per cent of the pat- 
tern area. However, when the volume 
of gas processed is 108.2 per cent 
of the pattern area, the per cent 
swept area will be near 84.2 and the 
wet gas will be 44.8 per cent. This 
pattern shows the manner in which 
the wet gas-dry gas interface moves 
along the fracture after breakthrough. 

Note lines e in lower part of the 
figure when the center is considered 
to be the producing well. Although 
the wet gas-dry gas interface moves 
only a small distance along the ver- 
tical fracture, it moves a fairly large 
distance along the edge of the pat- 
tern. This results in a fairly high 
per cent of wet gas being produced 
in the effluent stream after break- 
through. This is shown more clearly 
in the other figures. 

Fig. 9 shows the cycling perform- 
ance of vertically fractured reservoirs 
for the five-spot pattern. The ab- 
scissa shows the gas processed di- 
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vided by gas originally in place 
which may also be a time coordinate 
in gas cycling. The ordinate shows 
the wet gas recovered divided by gas 
originally in place and also corres- 
ponds to the fractional area of the 
pattern swept. Curves 1, 2, 3 and 4 
show the area swept after break- 
through for the fracture lengths in- 
dicated on the figure. Various frac- 
ture orientations are shown. It is 
desired to point out that a fracture 
of 15 per cent measured from the 
y-axis shown is 75 degrees from the 
same axis. 

Fig. 9 shows that when the vol- 
ume of fluid injected is equivalent to 
1.0 the swept area may vary from 
82 to 88 per cent depending on the 
nature of the fracture. The lower 
value is that which occurred when 
the fracture length was 70.7 per cent 
of the well spacing and was oriented 
75 degrees from the y-axis. It is also 
desired to point out that although 
the swept area for this pattern is 
only 6 per cent less than the swept 
area of the unfractured pattern, the 
sweep efficiency was approximately 
20 per cent less at breakthrough. 

These data indicate very clearly 
that although vertically fractured 
systems may result in low sweep ef- 
ficiencies, the area eventually swept 
may be fairly comparable to that 
which would occur if the reservoir 
were unfractured. 

To achieve a given swept area 
it will be necessary to inject more 
fluid for the vertically fractured 
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patterns than would be required 
if no fractures had occurred. For ex- 
ample, if the swept area desired is 
90 per cent, the volume of fluid in- 
jected must be from 1.05 to 1.3 times 
the pattern volume depending on the 
nature of the fracture. It is also de- 
sired to point out that Curve 1 in 
this figure lies approximately 1 or 
2 per cent above the unfractured 
curve. Since the potentiometric model 
is not considered to be more ac- 
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curate than 2 per cent, little sig- 
nificance can be attached to this. 


Fig. 10 shows the cycling per- 
formance of vertically fractured res- 
ervoirs for the case in which the frac- 
tures were 30, 60 and 45 degrees 
from the y-axis. Note that on this 
figure when the volume of fluid in- 
jected is equivalent to 1.0 times the 
volume of fiuid in the pattern, the 
swept area may vary from 80 to 88 
per cent, depending on the type of 
fracture existing. The lower figure is 
that which occurs for vertically frac- 
tured systems in which a sweep effi- 
ciency of 34 per cent was obtained. 
The swept area of 88 ver cent is that 
which can be expected for the case 
when the reservoir is unfractured 
and a sweep efficiency of 72.6 per 
cent is obtained. To achieve a swept 
area of 80 per cent the volume of 
fluid injected may vary between 85 
and 100 per cent of the pattern vol- 
ume, depending on the tyne of frac- 
ture existing. 

Fig. 11 shows the composition of 
the gas produced when cycling the 
vertically fractured systems shown 
here. The abscissa shows the volume 
of gas processed divided by gas ori- 
ginally in place, the ordinate shows 


the fractional composition of wet 
gas in the flow stream. Curves 1, 2, 
3 and 4 correspond to the same 
curves respectively shown in Fig. 9. 
The fractional gas composition will 
remain near 1.0 until breakthrough. 
This may be near 45 to 72 per cent 
for the case shown. It is of interest 
to note on Curve 4 that although 
it has an early breakthrough that 
when the volume of gas injected is 
near 1.0 times the displaceable pat- 
tern volume, the composition of fluid 
will be greater than that which would 
occur if the reservoir were unfrac- 
tured. It is due entirely to this period 
of sustained production of rich gas 
which results in the large swept areas 
for comparable volumes of gas in- 
jected. 

Fig. 12 shows the composition of 
the gas produced when cycling ver- 
tically fractured reservoirs. Curves 5, 
6, 7 and 8 show the cycled gas com- 
position for the curves in Fig. 10. 
Note that Curve 8 shows an early 
breakthrough but the fractional com- 
position of wet gas remains very high 
even for sustained periods of injec- 
tion. When the volume of gas in- 
jected is equivalent to 1.4 times the 
pattern volume, the fractional wet 
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gas is indicated to be near 0.35. If 
the pattern were unfractured the per 
cent wet gas would be near 0.17 at 
this time. 


GONE EUS LONS 


Potentiometric model data have 
been obtained to estimate the effect 
of vertical fractures on the swept 
area after breakthrough in some 
water flooding, gas cycling or mis- 
cible displacement programs. It is 
shown that the creation of a vertical 
fracture may or may not result in a 
reduction of sweep efficiency of the 
pattern. It will depend on the length 
and orientation of the fracture. 


1959 


For the case in which the vertical 
fractures may be very long and 
oriented in unfavorable directions, 
sweep efficiencies near 34 per cent 
may result. However, it is pointed 
out that although the breakthrough 
or sweep efficiency is very low com- 
pared to that of the unfractured sys- 
tem, the sustained injection of fluid 
may result in swept areas of within 
8 to 10 per cent of that which would 
have occurred if the reservoir had 
been unfractured. 


Normally, in water flooding or gas 
cycling one may possibly expect pre- 
mature breakthrough in some in- 
stances but this should be followed 
by a prolonged period of low water- 


oil ratios or high per cent wet gas 
(if cycling) at the producing well. 


In comparing these data with the 
vertically fractured line-drive pat- 
terns it is desired to point out that 
if the fracture is oriented 90 degrees 
as shown in the y-axis here, it may 
be desirable to use the well as the 
center well of the five-spot pattern. 
If the fracture is very long and ex- 
tends 45 degrees as shown, it may 
be desirable to use the center well 
and corner Wells 1 and 3 as injec- 
tion or producing wells in a line- 
drive pattern. It will depend on the 
nature of the fractures existing at 
the other wells and the options which 
may be available. 


It is desired to point out that af- 
ter fracturing an input well the 
square patterns shown in these fig- 
ures may no longer represent a di- 
viding stream-line and in fact, only 
in special cases does such exist; for 
this reason, the engineer should ex- 
ercise due caution and judgment in 
the use of the results. 


It is concluded that a detailed an- 
alysis should be made of each frac- 
tured system to determine the most 
effective procedure to be followed in 
a displacement recovery program to 
insure that the desired swept area 
is achieved. 
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Fluid Migration Across Fixed Boundaries in Reservoirs 
Producing by Fluid Expansion 


R. E. COLLINS 
MEMBER AIME 


The existence of fluid migration across fixed bounda- 
ries in oil and gas reservoirs has been known for many 
years. Several techniques have heen developed in the 
past for estimating the rate of migration across fixed 
boundaries as an aid in planning field development and 
in the valuation of oilfield properties. The principal de- 
terrent to the use of these techniques lies in the rather 
extensive reservoir and field data required for calcula- 
tions of fluid migration. For this reason, a new, simpli- 
fied procedure has been developed which makes possible 
the calculation of fluid migration with a minimum of 
field and reservoir data. This new technique is based on 
certain solutions of the differential equations describing 
flow in the reservoir which assume, for the portion of 
the reservoir of interest, that the formation can be ap- 
proximated by a homogeneous rock of uniform thick- 
ness, that only a single mobile fluid phase exists, and 
that fluid production at the well is solely a result of ex- 
pansion of the reservoir fluids. 

The results of the present work are compiled in a 
set of curves. These curves can be used to calculate 
both rate and cumulative fluid migration when the above 
assumptions are justified. The only data required for 
such calculations are the production histories of all 
wells in the field, the permeability and porosity of the 
reservoir, the compressibility and viscosity of the fluid, 
and the shape of the reservoir. 


The migration of fluids across fixed boundaries in oil 
and gas reservoirs has long been recognized as an en- 
gineering and economic problem, but no methods for 
estimating the extent of migration during the develop- 
ment stage of a reservoir have been published. 


The investigation reported here has been directed 
toward providing a simple technique for estimating the 
extent of such migration and has therefore been re- 
stricted to the simple case of a homogeneous reservoir 
of uniform thickness containing compressible liquids. It 
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is assumed that only a single mobile fluid phase exists 
and that fluid production at the wells is solely by ex- 
pansion of the reservoir fluids. Obviously, few, if any, 
reservoirs conform to these assumptions during their 
entire productive life. On the other hand, most reser- 
voirs approximate fluid expansion reservoirs during their 
initial stages of primary production. Consequently, the 
present work should be applicable during the field de- 
velopment of most reservoirs, regardless of whether or 
not they ultimately are gas cap, dissolved-gas, or water- 
drive reservoirs. 

The mathematical analysis of this problem has been 
outlined in the Appendix, while the results of the in- 
vestigation are presented in the following discussion. 


DISCUSSION OF CALCULATION PROCEDURE 


SINGLE WELL, INFINITE RESERVOIR 


The procedure for calculating fluid migrations is 
based on solutions of the partial differential equations 
describing the flow of a homogeneous compressible 
liquid in a homogeneous reservoir of uniform thick- 
ness. This differential equation has the form of the well- 
known diffusion equation. The equation, as applicable 
to our problem, is 


uc 


ox. 
where p is fluid density, ¢ is porosity, u is viscosity, c 
is compressibility,* and k is permeability; x, y and ¢ are 
the space coordinates and time. Derivation of this equa- 
tion is given in the Appendix. 

The analytical solution of this equation for a single 
well of negligible radius producing at a constant rate, 
q, from a reservoir of infinite areal extent for a time, 1, 
can be readily obtained. From this solution the rate of 
flow and also the cumulative flow across a straight line 
segment of length, /, at a perpendicular distance, 8, 
from the well can be computed. One end of the line 
must be on the perpendicular joining the well to the 


*The compressibility, c, is dependent upon the volumes and com- 
pressibilities of the oil, connate water and reservoir rock. In most 
cases the contribution from the reservoir rock may be neglected so 
that c may be expressed as ¢ = eo (1 — Sw) + cw Sw, where co and 
Cw are the oil and connate water compressibilities, respectively, and 
Sw is the connate water saturation. 
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line. This is shown in Fig. 1. It is demonstrated in the 
Appendix that all possible values of the flow rate, ql, 
across the line, /, can be plotted in the form, gl/q vs 
4kt/duc8d*, with 1/8 as a parameter. Here, g is the pro- 
duction rate of the well. Such curves are plotted in Fig. 
2. Also it is found that the cumulative flow across the 
line, Q|, can be plotted as Q1/Q vs 4kt/duc8*, with 
1/5 as a parameter. Here, QO is the cumulative produc- 
tion of the well. This plot is shown in Fig. 3. Note that 
the units are those shown in the legend of each figure. 
Using the two sets of curves in Figs. 2 and 3 and 
simple subtraction, the value of gl or Q| for a line 
segment such as BC in Fig. 1 can be computed. Thus, 


(ele (ca 


and, similarly, 


(0). -(0).. 


Using these relations the values of g|/q and Q1/Q for 
any line segment can be obtained. Note that the values 
of g!/q and Q1|/Q for the line segments AC and AB 
can be obtained from the curves of Figs. 2 and 3 since 
these line segments correspond to the case already 
given. 


MULTIPLE WELLS, INFINITE RESERVOIR 

To calculate g| and Q| for a given line segment in 
an infinite reservoir containing several wells producing 
at constant rates q:, g.,..., Where the wells are num- 
bered 1, 2,..j, 7 + 1,..., etc., the results derived in 
Appendix A can be employed; namely, 


j 


where (g1/q); is the value that g|/q would have if 
only the jth well were in the reservoir and 
the production rate of jth well 
| di if well is below line segment, or 
minus the production rate of jth 
4)* well if well is above line segment. 
Note that (gl/q), can be read from the curves in Figs. 
2 and 3 for each well. 

The value of gl derived from the cited procedure 
will be positive if the net flow across the line is from 
above to below the line segment. 

The value of Q| for multiple wells is obtained in 
a similar manner, namely, 


Ql = 


where Q* is related to the cumulative production of 
the jth well like q* above is related to the production 
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rate. Here (Q1/Q), is the value of O|/Q which would 
exist if the jth well were the only well in the field. 


MULTIPLE BOUNDARIES 


With these tools in hand the net flow into or out of 
a region enclosed by straight line segments, a, 5, c, etc., 
in an infinite reservoir containing several wells pro- 
ducing at constant rates can be calculated. By simple 
addition, g| for the region is g = (ql). + (ql), + 
(ql). + + (ql)., and similarly for Q|. Here, 
flow into the region is considered positive. The flow 
across each line can be computed as outlined pre- 
viously, taking care to use the correct sign on q*. Here, 


q* will be + q; if the jth well causes flow into the re- 


gion across the line being considered. This same pro- 
cedure can be applied to compute QO. 


BOUNDED RESERVOIRS 

In the case of bounded reservoirs one can employ 
the method of images to represent the boundaries. 
In practice only those wells nearest the boundary need 
be considered in this way. To determine whether an 
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image is required for a given well one can consider 

the boundary as a fixed line 

Image and compute g1/q for this 

line and the well being con- 

b sidered. If the value of qg1/ 

q thus determined is negli- 

gibly small, then an image 

of this well is not required. 

If such is not the case, then 

the image well is placed as 

Well shown, with the production 

rate and production time of 

the image well being the same as those of the well. Af- 

ter all necessary images are located proceed as for an 
infinite reservoir, treating the images as real wells. 


Boundary 


VARIABLE PRODUCTION RATES 


For wells having variable rates and/or shut-in per- 
iods, the following procedure can be used. 

Suppose the production rate of the well as a function 
of time can be approximated by step-wise changes of gq. 
That is, the production rate during the time ft, to tre: 
is taken as constant and equal to the average rate for 
this period. Thus, the rate history can be represented by 
the following. 

d=: ,0<t<h, 

Gin; 
The selection of the constant-rate periods should be 
made so that the actual rate is nearly constant in the 
period. That is, the ¢,’s are selected as those times 
at which the rate changes sharply. In the Appendix, 
section titled, “Variable Rates; Single Fixed Line,” 
it is shown that for this case g| is given by 


N 
q\ 
qd n 


n=1 
where (q1/q), is the value g1/q would have if the rate 
were constant and the production time were ¢ — ft,4, 
t>ty. 
The same analysis applies to Q|, namely, 


n 


where is civell_ DY Ow = — (f— 1,4). Here; 
(Q1/Q), is the value Q|/Q would have for constant 
rate and production time, f — f,4. 

With the procedures given here, a wide variety of 
migration problems can be solved. Two examples of 
such problems are treated in the next section. 


EXAMPLE PROBLEM No. 1 


As the first example illustrating the techniques in- 
volved in calculating fluid migration across fixed lines, 
the well geometry shown in Fig. 4 is considered. Note 
that since Well No. 2 is very close to the reservoir 
boundary an image well is included, i.e., No. 2’. 

The pertinent data for this problem are: k = 25 md; 


TABLE 1—PERTINENT DATA FOR EXAMPLE PROBLEM NO. 1 


Time of Production 

Well Xx q completion time 
No (ft) (ft) (B/D) (days) (days) 

] 1,400 50 150 0 t 

7) 200 200 100 60 t—60 

3 1,400 —= 50) 100 160 t—160 

4 600 --300 100 220 t—220 

2 — 200 200 100 60 t—60 
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= 0.25: = 5.01 « c, 
vol/vol/psi; S,, = 0.20; w= 2 cp; and distance OA = 
1,600 ft. 

In this analysis flow rates and cumulative production 
occur as ratios; hence, if the g’s and Q’s are expressed 
at reservoir conditions, the gl|’s and Q|’s will be at 
these conditions also. 

The effective compressibility is computed as, c = c, 
= 4 X vol/vol/psi. 

Now, to calculate the net flow into the indicated 
region at several different times: first, ¢ = 160 days, 
when the first well in this region is completed, second, 
at t = 220 days when the second well in the region is 
completed, and finally at t = 320 days or 100 days af- 
ter the second well in the region is completed. 

To illustrate the method in detail, the flow across 
line (a) due to Well No. | at time t = 160 days is cal- 
culated. First, a perpendicular line is constructed from 
this well to line (a). This gives a line segment to the 
right of the perpendicular of length 200 ft and a line 
to the left of length 1,400 ft. For the line to the right, 
1/5 = 200/50 = 24, and using the units specified in 
Fig. 

4 X 25 X 160 32 x 10 
Using the curves of Q|/Q in Fig. 3, it is found that 
Q1/Q = 0.197. For the left line segment, //5 = 1,400/ 
50 = 28, and the same value for the time group, 4kt/ 
fucd*. From the curve, Fig. 3, it is found that O|/Q = 
0.212. Thus, the total flow across line (a) due to Well 
No. (OL/O) = 0.197 0.212 = 0.409) 

The cumulative production of Well No. 1 at this time 
is O = q,t = 150 X 160 = 24,000 bbl, and since this 
well causes flow out of the region being considered, 
Q* = — Q, = — 24,000 bbl. Then, 


(Olea ( 


— 24,000 x 0.409 , 


or 
(Q1).. = — 9,816 bbl. 
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TABLE 2—CALCULATIONS 


Production 

Well Part line time Q;, Qlij 
Line No. (1/68) (days) ducd? Part line Whole line (bbl) (bb!) 
(a) 1 4 160 1044 97 0.409 -—24,000 —9,816 
(a) 2 1 100 1.25 X 108 0.078 
(a) 73 7 100 1.25 X 108 0.104 0.182 —10,000 —1,820 
(a) 100 1.25 X 10°—0.078 0.026 —10,000— 260 
(b) 1 0.25 160 2 X 108—0.030 
(b) 1 160 2 xX 10? 0.126 0.096 24,000 + 960 
(b) 2 0.1429 100 2 x 1:02 0 
(b) 2 100 2 x 102 0 0 10,000 0 
(b) 100 2 102 0 
(b) 2 oe) 100 2 xX 102 0 0 10,000 ce) 

Net = — 10,936 bbl 


To compute (Q1|)., the flow across line (b) due to 
Well No. 1, a perpendicular is constructed from the 
well to the extension of line (4) and proceed as for 
line (a). 

Here it is necessary to calculate the flow across the 
semi-infinite line starting at A and going downward and 
subtract from it the flow across the extended portion 
of line (5). Note that here (Q1),, will turn out positive 
because Well No. 1 causes flow into the region. The 
calculations which were made 160 days after completion 
of Well No. 1 are summarized in Table 2. Proceeding 
in the manner outlined here, the desired Q| is obtained 
220 and 320 days after completion of Well No. 1. The 
results of these calculations are summarized in Table 3. 


TABLE 3—SUMMARY OF CALCULATIONS 
Production 


time of well Net flow 
No. 1 into region 
days) (bbl) 
160 — 10,936 
220 1,358 
320 —11,942 


Thus, the region is continually losing fluid to adjacent 
areas. 


EXAMPLE PROBLEM No. 2 


The second example considered here is not presented 
in detail, only the final results are given to illustrate 
the time dependence of fluid migration across fixed 
lines. In this case a single fixed line of essentially 
infinite length is considered with the well geometry 
shown in Fig. 5. The pertinent data are k = 25 md; 
¢= 0.25; » = 0.20; and c= 4 X 10° vol/vol/psi 
(effective value). 


TABLE 4—PERTINENT DATA FOR EXAMPLE PROBLEM NO. 2 


Completion Production 


Well q time time 6 

No. (B/D) (days) (days) (ft) 
1 150 0 t 200 
2 100 100 100 
3 100 200 + — 200 50 


Here, positive flow is toward Well No. 1. 


Results of the calculations for this problem are shown 
in Fig. 6 where plots of g| and Q| vs time are given. 
Note that when Well No. 2 is put on production q1 
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starts to decrease rapidly. It appears that g| would have 
stabilized at a positive value, and this is actually true, 
if Well No. 3 had not been put on production. How- 
ever, ql decreases again when Well No. 3 is put on 
production and finally stabilizes at a negative value. 
The effect of these variations in gl on QL is shown 
in Fig. 6. 


CONGLE US TONS 


The method presented in this paper for calculating 
fluid migration across fixed lines is simple, rapid, and 
requires a minimum of reservoir data. Proper applica- 
tion of such calculations should be of great benefit 


in valuation of properties and planning field develop- 
ment, 


APPENDIX 
MATHEMATICAL THEORY 


SINGLE WELL; CONSTANT RATE; 
SINGLE Frxep LINE 


The equation of continuity, which assures the con- 
servation of mass, is 


0 


where p is the fluid density, ¢ is the porosity of the 
medium, f is the time and v, and v, are the x and y 
components of velocity, respectively. It is assumed here 
that the porous medium is uniform, the flow is two 
dimensional and the fluid is homogeneous. Combining 
this equation with Darcy’s law yields 


op Op pu Op 


where k is the permeability of the medium and 1 is the 
viscosity of the fluid. Then, if the fluid density is related 
to the pressure by 

where p is fluid density at pressure p, p,; is density at 
pressure p;, and c is the compressibility, Eq. 2 can be 
written as 

Op Op ppc Op 

The relationship given in Eq. 3 is the correct pressure 
dependence for normal compressible liquids. 

The solution of Eq. 4 corresponding to a well of 
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negligible radius, at x = 0, y =0, producing at the 
constant rate g (measured at initial reservoir pressure 
and temperature) for a time ¢, in a reservoir of essen- 
tially infinite areal extent, is° 


CO 
pyc(x + 


4kt 


Note in this solution the p, of Eq. 3 is taken as the 
initial reservoir pressure and p, is the fluid density at 
that pressure. The units used here and throughout this 
section are consistent units unless stated explicitly 
otherwise. 

With this solution of the flow equation as a basic 
tool proceed to consider the migration of fluid in the 
reservoir across a straight-line segment of length / at 
a perpendicular distance, §, from a well producing at 
constant rate, g. This line segment, AB, is shown in 
relation to the well in Fig. 1. The mass rate of flow, m, 
(toward the well) across the line (gm/sec) is given by 

/ 


m= | 


oO 
or, the volume rate (at inital reservoir pressure) is 


ay 


Eq. 6 is simply a direct application of Darcy’s law. 
Employing Eq. 5 for p(x, y, t) to obtain 


ey dy 2rkh (8) 


where for convenience the notation, 


is introduced. Then, substituting Eq. 8 into Eq. 7 with 
m given by Eq. 6, yields 

Se — a(x? + 8)/t 


qi. | 


which is an analytical expression for the rate of fluid 
migration across the line segment that is subject to 
evaluation. 

Also an expression for the cumulative flow across 
this line segment can be written simply by integrating 
Eq. 10 with respect to the time, ¢, thus, 

t —a(au?+6?)/6 


[ 8e dx 


Before proceeding to the evaluation of these integrals 
they can be written in a more useful form; thus, by 
changing variables in the integrals, 


B 
Gig nl) 


and 

where 

and 
82 
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Here, note that the units of g, gl, Q and Q| are imma- 

terial; that is, gl/q is dimensionless as is Q1/Q, thus 

the flow rate, gl, can be expressed in, say, surface 

barrels per day simply by expressing g in these units. 

The same holds true for Q| and Q. 

For a line of infinite length, 1] = 8 = o, the cited 

integrals can be evaluated analytically. Thus, 


(15) 


qi pucd” 16 
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\/ 


where, as always, @ is given by Eq. 15 and erfc denotes 
the error function compliment defined as 


(oe) 


Vir 


U 
For finite 8 the integrals in Eqs. 12 and 13 are not 
very tractable, hence a numerical integration must be 
employed. The integral in Eq. 12, 


1/ 1) 


oO 
is in a form satisfactory for numerical integration; this 
has been carried out on a medium speed magnetic 
drum computer for a wide range of values of a and 
many values of 8. 

Before applying numerical techniques to Eq. 13 it 
must, for practical reasons, be reduced from a double 
integral to one or more single integrals; this is accom- 
plished by suitable changes of variable and also inter- 
changing the order of integration. 


Thus, obtain 
B 


Ons B (224+ 1)/a B (ze (z22+1)/a 


oO 
The first integral here can be evaluated analytically. 
Thus, 


where the Ei — function is defined as 


1 


Ja 

Eq. 19 with the first integral given by Eq. 20 is in 
suitable form for numerical evaluation. The last two 
integrals in Eq. 19 have been evaluated numerically on 
the computer for a wide range of values of a and 8. 

As mentioned previously, the units for g, gl, Q and 
Q| in the equations involving ratios of these quantities 
are arbitrary. Similarly, since 8 = 1/8 is dimensionless, 
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the units of / and 8 are arbitrary; it is only required 
that 7 and 8 have the same units, To express qa in 


“oilfield units” (as given on the curves in Figs. 2 and 
3), have 


4kt 4kt 
= 0.158 2 


The calculated values of gl/q and Q1/Q, as ob- 
tained by the combination of analytical and numerical 
techniques, are plotted vs a with @ as parameter in 
Figs. 2 and 3, respectively. 

As t and, hence, « approach infinity, Q|./Q, according 
to Eq. 19, approaches 


B 
By zdz 1 Zdz 


These integrals can be evaluated to give, 


24) 


Thus, if Q|/Q is plotted vs (tan’8)/27 with a as 
parameter, the curves for large a should approximate 
straight lines. This result simplifies interpolation. Simi- 
larly, one can also show that 


If it is desired to determine g| and/or Q1| across 
a line BC such as shown in Fig. 1, note that by simple 
addition of integrals in Eqs. 12 and 13, 


qt 


and similarly for Q|/Q. That is the value of qgl/q 
corresponding to a line from x = 0 to x =/, = x, is 
read from the curves given in Fig. 2 and from this is 
subtracted the value for q|/q corresponding to a line 
from x = 0 to x = 1,=x,. The remainder is the flow 
rate across the line from x = x, to x = x,. The same 
procedure applies to Q1/Q. 


MULTIPLE WELLS; CONSTANT RATES; 
SINGLE FIxep LINE 

By a well-known superposition theorem’ the solution 
of the flow equation (Eq. 4) for an infinite reservoir 
containing N point sinks (wells of negligible radii) with 
production rate g,, n= 1, 2... N, and production 


times t,, n = 1, 2, 3,...N, is 
N r 
where 


x, and y, being the x and y coordinates of the nth well. 
It is desired to calculate the rate of migration across 
the line from x = 0 to x =/ at y = 8 for this system 
of wells. Positive flow is assumed in the direction of 
decreasing y. Eq. 6, 
l 


0 
m= |= (a8, Che. 
oy 
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is still valid. Substituting Eq. 27 into Eq. 6 gives, with 


n 
1 
T 
n=1 


e— &/tnl (%—an)*+ (6-yn) 7] 
5 be. 
for the rate of migration across the line. A new symbol, 
q;*, is introduced as follows. 


Then have, 


N 
— * 
n=1 


(%—sn)*+ (6 — yn)?] 


(29) 


and noting that |8 — y,| is the distance of the nth well 
from the line, always taken positive, define 

= |8 — y,|, 
and then have 


N 1/5n 
Man 1) dt 33) 
n=1 


Thus, see that g| is just the algebraic sum of the flows 
caused by each point sink, i.e., to calculate the rate of 
migration across the line consider each well as though 
it were the only well in the field and compute qlq. 
Then, take these (q!1/q)., N= 1, 2...N, and com- 


pute. 


and then form the sum, 


N 
n=1 


for the rate of migration across the line due to N wells. 


In a similar manner it can be shown that Q| for N 
wells is given by 


N 


n=1 
where 


and (Q1/Q), is the value of Q1/Q which would re- 
sult if the nth well were the only well in the field. 


VARIABLE RATES; SINGLE FIXED LINE 
The multiple well solution, Eq. 27, for constant rates, 

Qn n= 1,2... N, can be used to construct the solu- 
tion for a single well whose production rate is varied 
in a step-wise manner. Suppose the production history 
of the well to be 

Then all that is needed is to consider the single well 


with variable rate given by Eq. 38 as N different wells 
with rates and production times given by 

t 

all located at the same point in the reservoir. Follow- 

ing this procedure the solution of the flow equation is 


obtained for a single well with rate history given by 
Eq. 38 as 


N 
p(x,y,t) 
1 


(ee) 
40 
goucr? 
4k (t — tn-1) 
where 


i.e., the well is assumed at the origin. 
Thus, proceed as in the multiple well analysis to 
show that for the variable rate well, 


N 
qt (q Qn-1) (42) 


= 
where now (ql/q), is the value of g|/q for a single 
well with constant rate with 8 = //8 and the production 

For multiple wells, each with variable rate, each well 
is treated in the manner outlined here to yield a value 
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of (q1),; for the jth well, then define 


Finally, then, for multiple wells with variable rates, 


j 


This procedure can be extended to determine Q1| for 
wells having variable rates as was done for multiple 
wells in the previous section of this Appendix. The re- 


sult is 
Q 
iy 


n=1 
where (Q1/Q), is the value Q!/Q would have for a 
well with constant rate and production time, ft — f,4. 


Here, Q, is given by 
It should be noted that any shut-in periods are also 


handled in this manner simply by making gq, zero for 
the shut-in period. 
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An apparatus and a procedure for determining the 
viscosity behavior of hydrocarbons at pressures up to 
10,000 psia and temperatures between 77 and 400° F 
are described. The equipnient is suitable for measuring 
viscosity of either the liquid or vapor phases or the 
fluid above the two-phase envelope for systems exhibit- 
ing retrograde phenomena, according to the phase state 
of the system within these ranges of temperature and 
pressure. Equations are developed for calculation of 
viscosity from the experimental measurements, and 
new data for the viscosities of ethane and propane at 
77° F are reported. 


With the advent of higher pressures and tempera- 
tures in industrial processes and deep petroleum and 
natural gas reservoirs, demand has increased for accu- 
rate values of physical properties of hydrocarbons under 
these conditions. Proportionately, more frequent occur- 
rence of natural gas and condensate-type fluids is en- 
countered as fluid hydrocarbons are discovered at greater 
depths. This increases the importance, to the reservoir 
engineer, of being able to predict accurately the physical 
properties of light hydrocarbon systems in the dense-gas 
and light-liquid phase states. 


Reliable gas viscosity data are limited primarily to 
measurements made on pure components near ambient 
temperature and at low pressures. Few investigations 
have been reported for high pressures, and except for 
methane, data on light hydrocarbons are subject to 
question. This is demonstrated by the large discrepancy 
between sets of data on the same component reported 
by different investigators. For mixtures in the dense gas 
and light liquid regions and for fluids exhibiting retro- 
grade behavior there are very few published experi- 
mental data. 

Viscosity data for methane have been reported by 
Bicher and Katz,’ Sage and Lacey,” Comings, ef al,” 
Golubey,® and Carr,’ with good agreement among the 
last three sets of data. Comings, Golubev and Carr 
utilized capillary tube instruments for which the theory 
of fluid flow is well established. The theory permits 
calculation of the viscosity directly from the experi- 
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mental data and dimensions of the instrument alone. 
Sage and Lacey, and Bicher and Katz used rolling-ball 
viscometers. The theory of the rolling-ball viscometer 
has not been completely established, and these instru- 
ments presently require calibration by use of fluids 
of known viscosity behavior before viscosities of test 
fluids can be measured. To obtain accurate data it is 
necessary that the rolling-ball viscometers be calibrated 
by use of fluids of density and viscosity similar to the 
test fluids, a difficult selection for the gas phase. 

From the methane data and experimental tests on 
various natural gases, Carr developed a correlation for 
predicting the PVT behavior of light natural gases.”** 
This correlation was based on data for a very limited 
composition range; its application to rich gases and 
condensate fluids is questionable. 

The object of this investigation is to develop an 
instrument which can be used to obtain viscosity data 
at reservoir temperatures and pressures, for rich gases, 
condensate-type systems above the two-phase envelope 
and light liquid mixtures. These data will be used in an 
effort to develop correlations to represent the viscosity 
behavior of these fluids. 


In a previous viscosity study Carr’ utilized a modi- 
fied Rankine capillary viscometer configuration,” Fig. 1. 
In this instrument the gas to be tested is forced through 
the capillary tube in laminar flow by motion of a 
mercury pellet in the fall tube, the measured displace- 
ment time being that required for the mercury slug to 
move between the brass timer rings. The viscometer 
is constructed of glass and mounted in a steel pressure 
vessel. The test gas pressure in the viscometer is bal- 
anced by an inert gas (usually nitrogen) in the vessel. 


Excellent results have been obtained with instruments 
of this type, with Carr’ and Comings’ reporting repro- 
ducibilities of 99.5 to 99.3 per cent and an estimated 
absolute accuracy of 99 per cent. However, these instru- 
ments have limitations which have precluded their use 
for liquids. The need for maintaining a balance be- 
tween pressures of the test fluid and inert gas in the 
viscometer vessel presents operating problems, and 
requires charging the test fluid to the viscometer very 
slowly. The principle drawback to the Rankine unit is 
behavior of the mercury slug which provides the pres- 
sure differential across the capillary. When even trace 
quantities of propane or heavier hydrocarbons are 
present in the test gas, the mercury tends to subdivide 
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into small pellets which cannot be made to recombine 
in the fall tube; this necessitates disassembling and 
cleaning the viscometer. 

A study was made of the major types of viscometers 
reported in the literature,” and it was decided to base 
the new design on the principle of the Rankine visco- 
meter, i.e., transpiration of the fluid through a capillary 
tube, but to devise a new method for providing the 
pressure differential. Accordingly, glass models of sev- 
eral different configurations were constructed and tested 
until a relatively simple apparatus was developed. 

A schematic diagram of the new viscometer and 
associated equipment is presented in Fig. 2. The prin- 
ciple components of the instrument are: mercury re- 
ceiver, K; mercury reservoir, N; high pressure swivel 
joints, H; glass capillary tube, L; capillary tube jacket, 
M; by-pass valve, J; and the mercury flow tube. The 
mercury receiver is fixed in position while the reservoir 
is free to move in a vertical plane. 


The mercury reservoir and receiver were machined 
from 3.125-in. diameter 316 stainless steel round stock, 
and with tops in place are 3.688-in. high. Both vessels 
were bored to give chambers 1.0000 + 0.0002-in. diam- 
eters by 1.625-in. deep, and are equipped with O-ring 
closures. The receiver body is tapped near the bottom 
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for two 0.25-in. high pressure “Amico’-type fittings, 
and two fittings are also provided in the caps. The 
receiver cap is also drilled to receive two electrodes. 
The reservoir has only one fitting in the body and one 
in the cap, and the cap is drilled for only one electrode. 


The simplified electrode assembly,” shown in Fig. 
3, was developed to facilitate accurate location of the 
electrodes, and minimize chance of dimension change 
during operation of the apparatus. This is very impor- 
tant since the calculated volume of fluid displaced and 
the change in driving force during the run are both 
based on the measured distance between receiver elec- 
trode tips. The long receiver electrode extends to within 
about 0.5 in. of the bottom, thus providing a volume 
below the electrode to permit flow conditions to stabilize 
before flow timing begins. 

When the rising mercury surface contacts the long 
receiver electrode the timer starts, and when the mer- 
cury contacts the short electrode, the timer stops. The 
spacing between the electrode tips, measured to 
+ 0.0003 cm by use of a microcomparator, is about 
1.45-cm (9/16 in.). The volume above the short 
electrode was provided to contain the mercury in the 
flow tube and eliminate the possibility of mercury get- 
ting into the upper swivel joint or the capillary tube. 
The reservoir electrode extends to within about 0.125 
in. of the bottom, and is used in adjusting the volume 
of mercury in the system. 

The receiver is rigidly fixed in place with the reser- 
voir free to move in an arc of radius equal to the 
length of the mercury flow tube. The flow tube and 
capillary jacket are attached to the receiver and reser- 
voir by 0.25-in. high pressure swivel joints, illustrated 
schematically in Fig. 4. The reservoir will remain up- 
right as it is raised, since the mercury flow tube and 
the capillary tube jacket assembly act as parallel link- 
ages. In this manner the pressure differential across 
the capillary tube (which is equivalent to the difference 
in levels of the mercury surfaces in the reservoir and 
the receiver) can be varied from 3 to 40 cm by rais- 
ing the mercury reservoir to predetermined positions. 


The mercury flow tube is a length of 0.25-in. OD, 
0.125-in. ID, stainless steel tubing, rated for 15,000-psi 
working pressure. The capillary tube jacket is 9/16-in. 
OD, 0.25-in. ID, stainless steel tubing, also rated for 
15,000 psi. The annulus between the capillary tube and 
the tube jacket is utilized as a fluid by-pass to permit 
rapid transfer of the test fluid between the reservoir 
and the receiver. This provided a means for rapid 
return of the mercury to the reservoir after a test run, 
and also can be used to insure homogeneity of the test 
fluid. The annulus is sealed at the receiver end by a 
7/32-in. ID, 11/32-in. OD, O-ring fitted into a standard 
9/16-in. tee utilizing the tube jacket as a follower. The 
by-pass valve is connected across the O-ring annulus 
seal, as shown in detail in Fig. 5. 
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TABLE 1—SUMMARY OF CAPILLARY TUBE CALIBRATION DATA 


Tube No. 13 Tube No. 14 

Length, L (cm) 90.070 91.165 
ri by Fisher? method, cm 0.010876 0.012088 
ney gravimetric method, cm 0.010877 0.012092 

dL/ri* by Fisher? method, 64.380 X 108 42.695 X 108 
oO 

L 

dl/ri* by gravimetric method, 64.359 108 42.648 108 


The Pyrex capillary tubes were obtained as a special 
draw. The tubes are from 0.021- to 0.025-cm bore by 
0.5- to 0.6-cm OD, and from 90 to 95 cm in length. 
The ends of the capillary tubes are flared slightly to 
provide a streamlined entrance and exit with consequent 
reduction in end-effects. Average internal radii of the 
capillary tubes were determined gravimetrically, and 
the variation of radius along the tubes was determined 
by a graphical integration technique proposed by Fisher’ 
and described in detail by Carr.” A summary of cali- 
bration data for two of the capillary tubes which have 
been used is given in Table 1. 


EXPERIMENTAL PROCEDURE 


Prior to assembly of the viscometer all parts were 
thoroughly cleaned and dried. The capillary tube was 
cleaned with chromic acid solution followed by flush- 
ing with water, acetone and ether. The metal parts 
were degreased and rinsed in acetone. 


The receiver electrode spacing was measured and the 
viscometer assembled, except for the top of the mer- 
cury reservoir. Clean, dry mercury was added to the 
system until approximately 1/3- in. of mescury remained 
in the reservoir when the mercury surface in the re- 
ceiver just made contact with the short electrode, the 
top was then bolted in place. The technique of charg- 
ing the mercury to the viscometer ensured that suffi- 
cient mercury was present in the system for proper op- 
eration. 


After the assembled viscometer had been evacuated, 
the system was pressured to about 1,000 psi for a 
leak test. A 5,000-psi deadweight gauge measured 
pressure to the nearest pound. Oil in the deadweight 
gauge was separated from the test fluid in the viscom- 
eter by a diaphragm-type pressure-balance indicator. The 
viscometer system was considered pressure tight when 
no pressure change could be detected with the dia- 
phragm indicator in one hour. 


After any leaks were sealed the nitrogen was vented 
and the unit evacuated and charged with test fluid. 
The remaining operations are best described by refer- 
ence to Fig. 6. Prior to charging the viscometer with 
test fluid the reservoir level was varied until the mer- 
cury in the receiver made contact with the short elec- 
trode as in A, Fig. 6. This provided a means for moni- 
toring the position of the mercury in the unit during 
the charging operation. The by-pass valve was open 
during evacuation and charging. 


The volume of mercury in the viscometer was ad- 
justed by siowly draining mercury from the pressurized 
system. As mercury was removed the reservoir was 
raised to keep the mercury in contact with the short 
electrode. Withdrawal was stopped when the reservoir 
electrode tip was still submerged 2 to 4 mm and the 
short electrode just made contact with the mercury 
in the receiver, as in B, Fig. 6. The by-pass valve was 
open during mercury withdrawal and determination of 
the reference level. 
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The cathetometer reading for the scribed crosshair of 
the reservoir target is taken at this point and repre- 
sents the reference level for calculating mercury driv- 
ing forces used in the tests. 

With the quantity of mercury in the system properly 
adjusted and the reservoir target reference level meas- 
ured, the instrument was ready for viscosity measure- 
ments. The reservoir was lowered to permit most of 
the mercury in the system to accumulate there, as in 
C, Fig. 6, and the by-pass valve closed. The reservoir 
was raised to run position, as in D, Fig. 6. The catheto- 
meter reading was set to provide a pre-selected pres- 
sure differential across the capillary tube, and the reser- 
voir height carefully adjusted each time until the target 
was aligned with the cathetometer cross hairs. In this 
manner multiple runs could be made at the same driving 
force, which resulted in the variation in flow times being 
a direct comparison of data reproducibility. 


The electrical circuit utilized to control the timer and 
indicate mercury levels is shown in Fig. 7. Switch S,, a 
five-pole rotary gang switch, has three positions: off, 
test and run. With S, in test position and toggle switches 
S, and S, closed, green lights on the controller indicate 
when mercury is in contact with the reservoir electrode 
or the short receiver electrode. With S; in the run 
position and S, and S, closed, the controller will close 
R, when mercury contacts the long receiver electrode, 
starting the timer, and will close R. when mercury 
contacts the short electrode, stopping the timer. Relay 
R, can be by-passed to insure dependable timer opera- 
tion by closing S, after the timer has started, then R; 
can be released by opening S,. 

Typical experimental data for nitrogen are given in 
Table 2. The reproducibility of the flow time proved 
an excellent indication of condition of the viscometer. 
Whenever flow time variations consistently exceeded 
0.5 per cent, it was time to disassemble and clean the 
apparatus. Occasionally erratic timer readings were 
obtained (as illustrated in Table 2) far removed from 
the average of three or more repeat runs; these points 
were discarded before averaging. Generally, variation 
of the measurements was + 0.2 per cent or less from 
the average value. 
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TABLE 2—TYPICAL EXPERIMENTAL DATA ON NITROGEN 
June 2, 1957, data set 6 June 3, 1957, data set 7 


Capillary 14 Capillary 14 
Temp. = 21.7°C Temp. = 23.4°C 
Press. = 1,000.5 psig Press. = 1,000.5 psig 
Bar. = 29.66 Hg Bar. = 29.45 Hg 
Elec. spac. = 1.375 cm Elec. spac. = 1.375 cm 
Cathetometer Cathetometer 
Reading Time Reading Time 
Run No. (cm) (seconds) Run No. (cm) (seconds) 
Base Line 67.770 — Base Line 67.525 —_ 
1 75.150 127.6 1 74.905 128.5 
2 75.150 127.5 2 74.905 128.5 
3 75.150 127.6 3 74.905 128.5 
Avg 75.150 127.6+0.0 vg 74.905 128.5+0.0 
4 74.215 143.3 *4 73.975 145.8* 
5 74.215 143.1 5 73.975 143.8 
6 74.215 143.2 6 73.975 144.1 
Avg 74.215 143.2+0.1 7 73.975 144.2 
7 73.120 166.7 8 73.975 144.1 
8 73.120 167.1 Ayg 73.975 144.1+0.1 
9 73.120 166.9 9 72.880 167-9 
Avg 73.100 166.9+0.1 10 72,880 168.0 
10 72.070 198.5 11 72.880 168.0 
11 72.070 198.5 Avg 72.880 168.0+0.0 
12 72.070 198.7 12 71.825 200.3 
Avg 72.070 198.6+0.1 #13 71.825 ASRS 
13 235.3 14 71.825 200.1 
14 T1205 235.3 15 71.825 200.0 
15 71.215 235.5 Avg 71.825 200.1+0.1 
Avg 71.215 235.4+0.1 16 70.970 237.4 
16 70.335 291.3 17 70.970 236.3 
70.335 298.8* 18 70.970 237.0 
18 70.335 291.6 19 70.970 235.5 
19 70.335 292.5 Avg 70.970 236.6+0.7 
20 70.335 292.4 *20 70.090 324.3* 
Avg 70.335 291.940.4 21 70.090 295.2 
Base check 67.770 — Ze 70.090 295.2 
23 70.090 294.8 
Avg 70.090 295.1+0.2 


Base check 67.540 
*Omitted from average 


RESULTS AND DISCUSSION 


The theory of fluid flow through capillary tubes is 
very well developed. Equations have been derived for 
calculating the viscosity from experimental measure- 
ments, based on isothermal, laminar fluid flow in the 
capillary tube. The corrections for end effects, estab- 
lishment of parabolic velocity distribution, compressibil- 
ity of the test fluid and pressure losses in the mercury 
flow system are described in detail in the Appendix. 
The final equation used to calculate the results presented 
is as follows. 


™ c 


Ms 


Initial tests of the viscometer were made by use of 
nitrogen at pressures from 200 to 1,000 psig at room 
temperature. Results are presented in Fig. 8, with the 
viscosity data of Michels and Gibson” included for 
comparison, To determine data reproducibility, a series 
of eight sets of data (31 separate tests) were made at 
a pressure of 1,000 psig. The average of the calculated 
viscosities was 192.0 micropoise with a standard devia- 
tion of + 0.6 micropoise, which gives a 95 per cent 
confidence limit (twice the standard deviation) of 
+ 0.6 per cent for the experimental data. The corre- 
sponding viscosity given by Michels and Gibson for the 
same conditions is 191.4 micropoise. 

To demonstrate the range of the new instrument, 
viscosity of water was measured at 1,150 psig at room 
temperature. The results agreed with the data in the 
literature“ within + 0.2 per cent for 14 of the 15 
tests made, and within 0.7 per cent for the other, 

With the instrument’s accuracy demonstrated over 
a range of viscosities from 180 (nitrogen) to 9,200 
micropoise (water), tests were initiated with propane 
and ethane. The results are summarized in Table 3. 
The experimental measurements were made at room 
temperature, which varied from 24.6 to 26.0° C (76.4 
to 78.8° F), and the calculated viscosities were cor- 
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rected to 25°C (77°F) by use of the data of Smith TABLE 3—EXPERIMENTAL VISCOSITY DATA OBTAINED WITH THE 


and Brown.” There is very good agreement between the 
extrapolated gas phase atmospheric pressure viscosity Pressure cae whic 
and the values available in the literature.” The new 
liquid-phase viscosity data and the Smith and Brown 119 82.6 vy ae. 
data for propane are plotted in Fig. 9. The data dif- “a on me 
fer by approximately 2 per cent, well within the + 5 200 970 94.4 (v) 
per cent possible error reported by Smith and Brown. 400 1,004 100.8 (v) 
_ Agreement between the two sets of data in Fig. 9 333 ge 11041 Mi 
Is very good since they were obtained by two completely 600 1,014 
different experimental techniques. Smith and Brown in 1,000 1075 175.0 
their studies used a rolling-ball viscometer which had 
to be calibrated with fluids of known viscosity and in 1,750 1,168 572.8 
the same viscosity and density range as the test fluids. 
The other instrument was an absolute capillary-tube Bee 1,297 684.3 
4,000 1,406 760.0 
200 6.000 387.2 
| AVG OF 31 POINTS. | 7,000 1664 943.4 
(v) = Vapor phase. All other values are for liquid phase. 
ope viscometer, with the viscosity calculated directly from 
= ~ + the dimensions of the instrument and flow measurements 
Fo on the test fluid. That such close agreement exists attests 
3 to care and precision of the experimental work by 
Smith and Brown. 
The results for ethane are plotted in Fig. 10, with 
| — DATA FOR NITROGEN AT 25°C(77°F), the ethane viscosity data of Smith and Brown” for 
8 | comparison. Deviations of up to 8 per cent exist 
r) 200 400 600 800 1000 between the two sets of data, which is not too unex- 


Pe pected since the viscosity and density relationships for 


ethane preclude operation of the rolling-ball viscometer 
under the required conditions of laminar flow. The 
rolling-ball viscometer was calibrated under conditions 
of Jaminar flow, and the ethane measurements were 
apparently made in the region of turbulent flow. For 
these reasons it is believed the new viscosity data 
presented represent an improvement over data pre- 
viously available. 


Fic. 8—Comparison or New VIscoMETER DATA 
AND LITERATURE Data FOR NITROGEN. 


REY: 


An apparatus has been developed for measurement 
of viscosity of fluids over the range of reservoir pres- 
sures and temperatures. Equations have been derived 
for calculating viscosity from measurement on_iso- 
thermal, laminar flow of either compressible or incom- 
pressible fluids. Viscosity values calculated from experi- 
mental measurements on nitrogen and water give excel- 
lent agreement with accepted literature data. Viscosity- 


VISCOSITY, MICROPOISES 


et | pressure data obtained for ethane and propane at room 
Fic. 9—Comparison or New Viscometer Data ing literature values. It is concluded that an accurate 
AND Lirerature Data FOR PROPANE. new research tool has been developed for the study 
of pressure-temperature-viscosity behavior of natural 
gas, condensate and high-gravity dissolved-gas systems. 
ETHANE 
NOMENCLATURE* 
D = diameter 
3 A g. = dimensionless constant 
N = moles of gas 
Wh Q = volumetric flow rate 
= average velocity 
PRESSURE, PSIA 
Fic. 10—Comparison or New VISCOMETER AND “See AIME Symbols List in Trans. AIME (1956) 207, 363, for 
LITERATURE DATA FOR ETHANE. other symbol definitions. 
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bf 
+ + 
DATA OBTAINCO WITH NEW IGT VISCOMETER 
oot — — — DATA FROM SMITH BROWN, INO EMG. CHEM, 35 
| ~ 708 (i043) 


V, = free receiver volume above the electrodes 
= compressibility factor 

= electrode spacing 

= time 


Damn 


SUBSCRIPTS: 
a = average 
D = displaced 


f = test fluid 
Im = log-mean 
m = mercury 
t = transition 
1 = initial condition 


2 = final condition 
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APPENDIX 


THEORY OF FLUID FLOW IN THE VISCOMETER 


The equation for compressible, steady, isothermal, 
laminar flow in a capillary, 

2(z:/z:) 
(TP 
reduces to the Hagan-Poiseuille equation for incom- 
pressible flow, 


P,— P, = (2) 


gD, 

even for gases if operating pressure is substantially 
above atmospheric. Further consideration of the flow 
problem required treatment of the pressure drop result- 
ing from the flow of mercury through the composite 
channel between reservoir and receiver and so-called 
“end effects’. These are normally considered losses 
due to sudden expansions and contractions in flow 
channel, such as at the ends of tubes. 

The acceleration of a fluid from rest to steady viscous 
flow requires a certain distance of travel for establish- 
ment of final velocity distribution. Until this point is 
reached the resistance to flow is greater than predicted 
by Poiseuille’s law, as was shown by Langhaar.’ By 
applying a linearizing approximation to the Nanier- 
Stokes equation and defining the transition length, L., 
as the distance required for the centerline fluid velocity 
to reach 99 per cent of its final value, Langhaar 
obtained 


= 0:23r,(27.up - nae (4) 
For tubes with lengths much greater than L,, the 


fundamental equation for the tube-type viscometer 
becomes, 
8u,OL. BO'p; 
in which £ is nearly constant at the theoretical value 
of 1.14 with experimentally determined values from 
1.11 to 1.18.“ The kinetic energy term accounts for 
full development of a parabolic velocity profile. When 
true end effects are important the value of 8 depends 
upon the flow pattern near the ends of the tubes and 
the transition from one size to another. 

Transition from the large tube to the flow capillary 
occurs in this instrument in a smooth converging nozzle 
with a contraction ratio of about 15:1, and at the end 
of the tube in a similar diverging nozzle. The expansion 
and contraction processes exactly compensate each 
other in adiabatic compressible flow, and very nearly 
so in isothermal, incompressible flow. It is therefore 
believed that these end effects are negligible for this 
design. 


It is recognized that in this viscometer, some head 
loss will result from passage of each of the fluids 
through the elbows in the flow paths. Every effort was 
made to minimize these losses by providing as few 
changes in direction as possible and making the flow 
channels through them as large as possible. Losses in 
head due to these effects were neglected in developing 
correction terms. 


The final equation representing steady-state flow for 
the modified Rankine viscometer can be written as 
follows. 


= (5) 


— AP = Sus Bp, 
grr, err 


m 


(6) 
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where AP is the indicated pressure differential due to 
the difference in mercury levels in the mercury reservoir 
and receiver, given by 


(Al) py) 
NDS 
8c 
If the cross-sectional areas of the two vessels are 
equal, 


dé (8) 
or, the decrease in mercury level in the reservoir is 
equal to the increase in level in the receiver. This means 
that 


GAh) _ dh. _ _ (9) 
and that the difference between initial and final mercury 
differential will be equal to twice the electrode spacing, 
At any given time, 6, the et peeton representing 
steady flow in the viscometer can be written, 


where a = (pn — p;)g/g., 6 = 8uL/grr*, 
and c = 

Q is instantaneous flow rate at time, 6, and sub- 
scripts f and m refer to the fluid and mercury, respec- 
tively. 

The instantaneous mercury flow rate, Q,, can be 
expressed as a function of the area of the receiver, A, 
and the rate of change of h., dh./d6, as 


dh, A d(Ah) 
n = = - =", 2 
2. dé de 
If the fluid being aS is incompressible, 
A d(Ah) 


The assumption of an incompressible test fluid is 
valid at this point in the derivation, since only differen- 
tial changes in mercury level are being considered. 

The differential equation for the viscometer now 
becomes, 


— a(Ah) = (b, + —-— 


Integration of the roots of Eq. 13 results in two equa- 
tions, one of which gives a negative flow time and was 
therefore discarded. The second solution, with integra- 
tion between the limits of time = 0 and @, and Ah = 
Ah, and 


1) (xy + (14) 
(x.+ i)(«,—1)f 
where 
8ac,Ah, 
A(b; + Ba)? 


This rigorous solution of the flow equation for the 


VOL. 216, 1959 


viscometer requires use of an iterative procedure to 
solve for the fluid viscosity. 


To obtain a first approximation of the fluid viscosity 
to use in solving Eq. 14, Eq. 13 was solved assuming 
Langhaar’s correction term to be constant and applic- 
able to the integrated form of the modified equation. 
This resulted in an equation which may be solved 
directly for viscosity. 


(15) 


which has been termed a “pseudo-steady-state” equation. 
Both equations were programmed for solution by use of 
iGT’s electronic digital computer, ALWAC III, and 
the calculated viscosity values for the two equations 
agree within 0.1 per cent. By using the viscosity value 
obtained by solution of the pseudo-steady-state equa- 
tion as the first approximation in the rigorous equation, 
very rapid convergence is obtained. 


EFFECT OF COMPRESSIBILITY ON VOLUME OF 
FLUID DISPLACED THROUGH THE 
CAPILLARY TUBE 


For an incompressible fluid the volume contained in 
the receiver between the electrodes is the actual vol- 
ume displaced through the capillary tube. However, 
since the pressure in the mercury receiver decreases 
slightly during the run, the fluid confined in the re- 
ceiver and fittings will expand, resulting in a slightly 
larger volume being displaced through the capillary 
tube than the volume of mercury contained between 
the electrodes. The correction is derived as follows. 


Total moles of gas initially in receiver when mercury 
level contacts the !ong electrode, 
Ah, 


(16) 
and moles of gas remaining when mercury contacts the 
short electrode, 


Ah, 
The moles displaced are, therefore, 
or 
Ah, 
A 
then 
Vo ») P, )+ P, ( ) 


For liquids, and for gases at pressures above 1,500 
psia, the correction was less than 0.1 per cent and was 
therefore neglected in the calculations and V,, used as 
the volume displaced through the capillary tube. For 
gases at pressures less than 1,500 psia the corrected 
V, was employed. 
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A Laboratory Study of Rock Breakage by 


WILBUR H. SOMERTON 


The effects of drilling variable on 
rotary drilling rates and efficiencies 
have been studied by a series of lab- 
oratory drilling tests. 

Two-cone 1.25-in. diameter bits 
were used to drill vertically upwards 
into rock samples at controlled 
weights and rates of rotation. Shale, 
sandstone and specially prepared con- 
crete samples were used in this study. 
Power input to the drilling system 
was measured and drilling chips col- 
lected for energy — size reduction 
studies. 


Reasonably good correlations be- 
tween drilling variables and rates of 
penetration were found. Quantities 
that are difficult to evaluate include 
rock strength parameters and the ef- 
fects of bit wear. Effects of bit size 
and geometry require further inves- 
tigation. 

Analysis of the drilling chips con- 
firmed the premise that, for rocks 
containing two or more mineral con- 
stituents of different strengths, a 
greater amount of rock breakage oc- 
curs in the weaker constituent. Drill- 
ing conditions which required greater 
amounts of energy produced finer 
drilling chips. As bit tooth wear pro- 
gressed, drilling chips became finer. 


Efficiency of rotary drilling as a 


Original manuscript received in Society 
of Petroleum Engineers office Sept. 11, 1958. 
Revised manuscript received Feb. 7, 1959. 
Paper presented at Fall Meeting of the Los 
Angeles Basin Section in Los Angeles, Calif., 
Oct. 16-17, 1958. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the offices of 
the Journal of Petroleum Technology. Any 
discussion offered after Dec. 31, 1959, should 
be in the form of a new paper. 
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Rotary Drilling 


MEMBER AIME BERKELEY, CALIF. 


rock breakage mechanism was ex- 
tremely low. Comparison was made 
with theoretical energy requirements 
and with energy requirements for 
size reduction by commiinution meth- 
ods. 


JOINS ARS OUD IN| 


Many technological developments 
and innovations have made possible 
the successful drilling of oil wells by 
the rotary method to depths exceed- 
ing 20,000 ft. Bigger, more power- 
ful rigs, better steels, improved bit 
design and more careful control of 
the circulating system have all con- 
tributed to this success. Despite these 
advances comparatively little is 
known regarding the basic mechan- 
ism of rock breakage by the rotary 
drilling process. Future improvements 
and, in particular, reduction of drill- 
ing costs will undoubtedly require 
a clearer understanding of the var- 
iables controlling effectiveness and ef- 
ficiency of rotary drilling. 

Rotary drilling is inherently an 
inefficient means of producing rock 
breakage. Loss of energy in transmis- 
sion from the surface to the cutting 
mechanism may be large, thus limit- 
ing the total amount of energy which 
may be applied to rock breakage. In- 
creased efficiency may be realized by 
improved energy transmission meth- 
ods such as the turbodrill. Conver- 
sion of transmitted energy to rock 
breakage by use of rotating cutter 
teeth is likewise inefficient. Improve- 
ment of cutter efficiency has been ob- 
tained essentially by empirical means 
—changes in bit tooth size, shape 


UNIVERSITY OF CALIFORNIA 


and spacing, and tooth deletion to 
give clean bottom-hole patterns. 

The present work was undertaken 
to investigate the factors controlling 
rates of bit penetration under lab- 
oratory driJling conditions. Labora- 
tory drilling apparatus is shown in 
Fig. 1. The effeets of rock strength 
and bit wear on drilling rates were 
investigated. Drill cuttings were an- 
alyzed to determine the character of 
breakage and to compare this with 
other methods of producing rock 
breakage. 


VARIABLES INVOLVED IN 
ROTARY DRILLING 


Some of the variables controlling 
bit penetration rates can be studied 
conveniently by dimensional group- 


ing. 


or 


HUGHES ROTARY, 


COOLING AIR 


COUPLING OUTLET 
8.FILTER 
PENETRATION 
GAUGE 
CHIP CATCHER 


COLLECTOR 


DYNAMATIC MAGNETIC 
CLUTCH DRIVE 


POSITIVE DRIVE 
(NO SLIPPAGE: 


Fic. 1—LasoratTory APPARATUS. 
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DN 
R=CDN (1) 
= CON 
LS 


where R is rate of penetration, in./ 
min; D is bit diameter, in.; N is rate 
of rotation, rpm; F is effective weight 
on the bit, lb; S is a rock strength 
parameter, psi; C is a constant to 
be determined experimentally; and a 
is an exponent to be determined ex- 
perimentally. 


The only variable difficult to evalu- 
ate in Eq. 1 is the rock strength 
parameter. To evaluate this quantity 
knowledge of the rock breakage 
mechanism is needed, and this is de- 
pendent upon the bit type. True-roll- 
ing, hard-rock bits involve impact- 
compressive failure. Non-true-rolling, 
soft-rock bits with their scraping and 
gouging action, involve torsional- 
shear failure. A lumped strength 
parameter may be needed for each 
failure mechanism. Bresler and Pis- 
ter’ have shown that simple ultimate 
compressive strength may be used as 
a criterion to predict failure of con- 
crete under complex stress condi- 
tions. Here the assumption must be 
made that all other strength paramet- 
ers bear a consistent relation to ul- 
timate compressive strength. 

Bit geometry is so complex as to 
defy reasonable analysis and integra- 
tion into a drilling rate equation. 
Certain factors, however, are ob- 
vious. The smaller the amount of 
bit tooth metal in contact with the 
rock face, the greater will be the 
stress concentration imposed upon 
the rock for a given bit weight. This 
might dictate the advantage of a min- 
imum number of slim teeth for maxi- 
mum rock breakage. The minimum 
number of teeth would be determined 
by indexing considerations’ and mini- 
mum tooth size by the strength 
characteristics of the bit tooth metal. 
Work by DRI’ would indicate, how- 
ever, that the amount of energy in- 
put, rather than force intensity, de- 
termines the amount of rock dam- 
age as long as a critical force level 
is exceeded. 

The effects of bit wear are equally 
difficult to include in a drilling-rate 
equation. An obvious effect of bit 
wear is the decrease of penetration 
depth of the bit teeth for a given 
weight on the bit. However, if the 
critical force level necessary for fail- 
ure is still exceeded, this should not 
decrease the amount of rock damage 
appreciably. Loss of sharp edges of 
the bit teeth by abrasion may be im- 
portant. Sharp edges produce high 
stress concentrations which undoub- 
tedly contribute to rock damage. 
Wear generally occurs rapidly at 
these sharp edges and (except for 


2References given at end of paper. 
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self-sharpening bits) during most of 
the drilling life of the bit, stress con- 
centrations due to this cause are 
minimized. 


Another factor normally consid- 
ered in a drilling-rate equation is the 
effectiveness of chip removal. If the 
cutting face is not kept clear of 
chips, regrinding losses will decrease 
penetration rates. Eckel‘ has found 
that above a certain rate of lifting 
fluid circulation, penetration rate re- 
mains constant. In softer rocks dam- 
age by hydraulicing must be consid- 
ered. The type and properties of the 
circulation fluid being used may also 
have some bearing on penetration 
rate. Certain fluids which presumably 
reduce the surface energy of the 
rock, with resultant reduction in 
rock “strength”, have been reported 
to increase rates of penetration.’ 


ENERGY CONSIDERATIONS 


Rotary drilling is essentially a 
rock size reduction process and as 
such, should be governed by laws 
at least similar to those applicable 
to the field of comminution. Ideally, 
the rotary drill should produce the 
largest chips of uniform size and 
shape which can be lifted effectively 
by the circulating fluid. In practice 
this is not the case, for drill cuttings 
display a wide range of sizes, gen- 
erally with a concentration of the 
smaller sizes. 

The theoretical energy required to 
produce rock fracture may be con- 
sidered that necessary to overcome 
the attraction of a set of particles in 
one face for particles in the face 
opposite and along the fracture plane. 
This is the surface energy of the 
material. For quartz, theoretical 
values of surface energy have been 
reported in the range of 510 to 920 
ergs/sq cm.”’ Using the maximum 
value and considering the size reduc- 
tion of 1 cu in. of quartz to 1-mm 
cubes, the theoretical energy re- 
quired would be approximately 0.07 
ft-lb. Drilling a cubic inch of porous 
quartz sandstone under carefully con- 
trolled laboratory conditions requires 
6,000 to 30,000 ft-lb of energy. 


One reason for this large discrep- 
ancy is the fact that even under the 
most ideal drilling conditions, some 
fine dust is produced. Since fine par- 
ticles present large surface areas per 
unit weight, the theoretical energy 
requirement would increase marked- 
ly. However, if the same cube of 
quartz were reduced to a median 
particle diameter of 1 micron, the 
theoretical energy requirement would 
only increase to 100 ft-lb. 


Part of the remaining discrepancy 
may be explained on the basis that 
theoretical energy requirements would 
presuppose rock failure by simple 
tension. Rocks characteristically have 
low tensile strengths but, unfortu- 
nately, no rock breakage method has 
been developed to take advantage of 
this characteristic. 

Another means of evaluating drill- 
ing efficiency is to compare actual 
energy requirements with require- 
ments based on the principles of 
comminution. Charles* has reviewed 
the existing “laws” of comminution 
and has developed the following gen- 
eralized equation. 

where dE is infinitesimal energy 
change, C is constant, dx is infinites- 
imal size change, x is object size, 
and n is a constant. 

This equation reduces to Rittinger’s 
relation when n = 2.0, Kick’s rela- 
tion when n = 1.0 and Bond’s rela- 
tion when n= 1.5. Since each of 
these relations has been supported 
by experimental data, Charles con- 
cludes that (m) is not a constant but 
is a variable that depends on the 
nature of the material and the proc- 
ess by which the material is crushed. 

For natural materials which, when 
crushed, follow the Schuhmann size 
distribution relation, Eq. 2 may be 
reduced to 

where E is energy input, k is size 
modulus, and A is a “machine con- 
stant”. 

Ca 

1D = ia sk 

(3a) 
where C is a constant and a is slope 
of a log-log plot of cumulative per 
cent finer vs particle size. 

A log-log plot of cumulative per 
cent finer vs particle size which gives 
a straight line, defines a material that 
follows the empirical Schuhmann re- 
lation. Extrapolation of the straight 
line to 100 per cent finer gives the 
value of size modulus, k. 


Charles has shown that in the size 
reduction of quartz by several meth- 
ods (impact, rod, mill and ball mill), 
the values of a (0.91 — 0.93) and n 
(1.86 — 1.88) were essentially con- 
stant. Thus, the value of A, machine 
constant, may be considered a pro- 
portionality constant which depends 
on the nature of the material and 
the process of size reduction. The 
value of A should be a minimum for 
optimum crushing conditions for a 
given material. 

Using reported values’ of Rittin- 
ger’s constant (where n = 2.0) for 
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quartz, the energy requirement to 
reduce a l-in. cube of material to 
l-mm cubes would be approximately 
4 ft-lb. This is roughly 50 times the 
theoretical requirement, yet only a 
small fraction of the requirement by 
rotary drilling. Considering the cube 
broken down to particles 1 micron in 
size, the energy requirement would 
be 6,000 ft-lb, which value is the 
same order of magnitude as rotary 
drilling requirements. 


EXPERIMENTAL EQUIPMENT 
AND PROCEDURE 


The laboratory drilling apparatus 
(Fig. 1) consists essentially of an 
inverted drill press driven by a mag- 
netic-clutch electric motor coupled 
with a non-slip belt. Constant speed 
may be maintained through extremes 
of loading conditions. Load is ap- 
plied by hanging weights on a flexible 
cable attached to the spindle. The 
pulley system provides a mechanical 
advantage of 11.5 to 1. Power re- 
quired to drill is measured by use of 
a watt-hour meter on the input to 
the electric motor. Actual power in- 
put was obtained by measuring the 
power required to run the apparatus 
under load and by applying known 
motor efficiencies. 

Bits used in the study were 1.25-in. 
two-cone type manufactured for lab- 
oratory test purposes. Drilling was 
done vertically upwards to promote 
efficient chip removal. Air was used 
as the circulating fluid to assure chip 
clearance and to act as a coolant for 
the bit. Drilling chips were collected 
by a specially designed chip catcher. 


Drilling samples were either 6-in. 
diameter by S-in. long cylinders or 
5 in. blocks) As many 
as seven holes could be drilled into 
each block. The holes were spudded 
in for a depth of 0.25 in. by use of a 
diamond bit. This assured proper 
alignment of the holes and eliminated 
the excessive cone bit wear which is 
characteristic of spudding-in opera- 
tions. An additional 0.75 in. was 
drilled with the cone-bit (during 
which the drilling conditions were 
stabilized) before measurements were 
started. Drilling tests were restricted 
to the middle 3 in. of each block. 
The bit penetration rate was checked 
throughout the run to assure constant 
rates. Only in cases of certain of the 
concrete samples were rates found to 
vary significantly during a run. 


Drilling samples used in the tests 
were specially prepared concretes and 
natural rocks. The concrete samples 
were prepared by mixing various 
proportions of sand-blast sand (well- 
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TABLE 1—ROCK CHARACTERISTICS 


Bulk Compressive Strength Young's 
density (psi) modulus 
Sample Composition (gm/cc) Average Range (psi X 10%) 
Concrete 6 Sand 62%, Cement 38% 2.07 7,000 6,600- 7,600 3.4 
Concrete 10 Sand 58%, 42% 9,600 9,400- 9,800 
Concrete 15 Sand 45%, Cement 55% 2.20 13,850 12,800-15,000 — 
Sandstone Quartz, CaCOz Cement 2.09 8,600 8,000- 9,000 1.0 
Shale Highly organic 1.14 10,500 10,400-10,700 Ge2 
rounded, nearly pure quartz, size tical to test this many samples. 


range 20 to 35 mesh), construction 
grade cement and tap water. By care- 
ful control of the mix and curing 
time, drilling samples of uniform 
characteristics and _ predictable 
strengths were obtained. Natural 
rocks included a fine-grained quartz- 
itic sandstone and an organic shale. 
Strength and other characteristics of 
the samples are shown in Table 1. 


EXPERIMENTAL RESULTS 


DRILLING TESTS 


Results of the drilling tests are 
shown in Fig. 2, plotted as the dimen- 
sionless ratios (F/D’S.) vs (R/ND). 
Each plotted point represents the 
average of at least three runs at con- 
stant (F/D’S,) values. Although near- 
ly parallel straight lines may be drawn 
through the points for each rock 
type, no general correlation is ob- 
tained. 

Part of the spread of the data in 
Fig. 2 is undoubtedly due to lack of 
sufficient tests to give fully reliable 
results. Eckel* has reported that a 
minimum of six samples should be 
tested to give statistically reliable 
drilling test results. In the present 
work the lack of sufficient rock 
sample, the large amount of time 
required to run the tests and the 
problem of bit wear made it imprac- 
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Nevertheless, the results are believed 
to be sufficiently reliable for purposes 
of the following analysis. 

The average ultimate compressive 
strengths of the several rock samples 
were used in the correlation just 
described. Using the extremes of the 
measured compressive strength 
values, a common correlation for the 
three concrete samples may be ob- 
tained. This might be expected from 
Bresler and Pister’s*’ observation that 
simple ultimate compressive strength 
may be used as a criterion to predict 
failure of concrete. No such relation 
was found for the shale and sand- 
stone. The shale sample is consider- 
ably more resistant to drilling than 
its compressive strength would indi- 
cate and the sandstone is less resist- 
ant than would be expected. It must 
be concluded that ultimate compres- 
sive strength is not a reliable rock 
strength parameter for general rotary 
drilling correlations. 

To evaluate the magnitude of a 
strength parameter which would be 
necessary to improve the correlation, 
all of the points in Fig. 2 were shifted 
to the approximate center of the 
graph by assigning new strength 
values to the rocks. The strength 
values required by the shift are re- 
ported in Table 2 as “‘drilling 
strength”. The correlation based on 
drilling strength is shown in Fig. 3. 
The equation of the best straight line 
through the points is as follows. 


F 2 

where S; is drilling strength, psi. 
Since the same size bit was used 
throughout the tests, the numerical 
value of the diameter should be in- 
cluded in the “constant” term and 
Eq. 4 reduced to 


> NF: 
(==) 


These equations are not intended 
for general applications and are lim- 
ited to conditions of the present tests. 
They do indicate, however, that a 


TABLE 2—ROCK DRILLING STRENGTHS 
Compressive Strength 


Drilling 
(psi) strength 
Sample Average Range (psi) 

Concrete 6 7,000 6,600- 7,600 8,400 
Concrete 10 9,600 9,400- 9*800 9,600 
Concrete 15 13,850 12,800-15,000 12,500 
Sandstone 8,600 8,000- 9,000 5,600 
Shale 10,500 10,400-10,700 16,800 
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constant strength parameter may be 
assigned a given rock to obtain good 
correlations of the other drilling va- 
riables included in the equations. The 
nature of this strength parameter and 
its relation to conventional strength 
values is as yet unknown. 

The effects of changes in bit size, 
type and teeth geometry on the 
correlation are also unknown. A few 
tests were run using the same size 
and type of bit but with “hard rock” 
cones. Change in bit teeth geometry 
affected only the numerical constant 
in Eq. 5. As discussed in the follow- 
ing section, changes in bit teeth 
geometry due to bit wear also re- 
sulted only in change of the magni- 
tude of the numerical term. 


Bir STUDIES 

Starting the drilling tests with a 
new bit, the order of drilling the 
rock samples is shown in Fig. 2. For 
each rock sample drilling was started 
at the lowest weights and progressed 
to the higher weights. The effect of 
bit wear is not apparent from Fig. 2, 
and a separate test to evaluate this 
effect was run on Concretel0. The 
drilling runs were started with new 
cones of known weight. The cones 
were photographed, and bottom-hole 
impressions as functions of depth of 
penetration were obtained and photo- 
graphed. Five sets of drilling runs 
were made using the same cones. 
After each set of runs, the cones 
were weighed, photographed and new 
impressions taken. 

Results of the bit wear tests are 
shown in Fig. 4. Althovgh some 
scatter in the experimental points is 
apparent, parallel straight lines with 
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slopes of (a=2) can be drawn 
through the points for each set of 
runs. The factor (C) in Eq. 1 has 
been evaluated for each line and is 
seen to decrease markedly as the bit 
wears. Expressing bit wear as a per- 
centage of the wearable steel remain- 
ing in the cones, Fig. 5 shows a sys- 
tematic variation of this quantity 
with the factor (C). 

Photographs of the cone teeth after 
each set of runs showed early loss of 
sharp tooth edges. With this ex- 
ception the teeth appeared to wear in 
a uniform manner. As a further aid 
in the study of tooth wear, the bit 
was mounted in a special stand and 
impressions of the bit teeth were 
obtained. The teeth were permitted 
to penetrate a smooth surface of 
molding clay to a measured depth 
and the bit was then rotated one-half 
revolution. This gave a full bottom- 
hole impression of the teeth of each 
of the two cones. Impressions were 
made at four penetration depths for 
the new cones and again after each 
set of bit-wear tests. 

Photographic transparencies were 
made of each impression, and from 
these the cross-sectional areas of the 
teeth at the measured depth of pene- 
tration were determined. Fig. 6 shows 
this contact area plotted against 
depth of penetration for each condi- 
tion of tooth wear. Although there is 
considerable spread of the data, gen- 
eral trends may be observed. The 
depth of penetration for a given con- 
tact area is seen to decrease as bit 
wear progresses. Thus, to maintain 
equal depth of tooth penetration, it 
would be necessary to increase the 
weight on the bit as the bit teeth 
wear. Decrease in penetration rates 
at the same drilling weight and rate 
of bit rotation is probably due to less 
chipping and more grinding action of 
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the dulled teeth. Other conditions be- 
ing the same, energy requirements 
for drilling increase and drilling chips 
become finer as bit wear progresses. 


DRILLING CHIP ANALYSES 


The drilling chips for each of the 
runs were collected for analysis. The 
larger chips were found to assume 
characteristic shapes—flat and elon- 
gated with rounded edges. The shape 
of the chips would suggest failure 
by the mechanism proposed by 
Prandtl.’ Flattening of the chips per- 
sisted through the smaller sizes but 
to a decreasing degree. 

Size analyses of the chips from 
several of the drilling runs were 
made. Results of typical analyses for 
Concrete10 are shown in Fig. 7. The 
lowest drilling energy curve is seen to 
follow the Schuhmann size distribu- 
tion relation, but the higher energy 
curves deviate considerably. Accord- 
ing to data reported by Charles* this 
is typical of most materials regardless 
of the size reduction method. Below 
the 50 per cent finer size level for all 
energy values, straight, parallel lines 
are obtained. Extrapolation of these 
straight-line portions to the 100 per 
cent finer axis, gives the value of the 
size modulus, k. A plot of the size 
moduli vs the corresponding drilling 
energies is shown in Fig. 8. The slope 
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of this line is the exponent (1 — n) 
@i 3. 

Size analyses for the lowest energy 
input runs for each of the other 
rocks, with the exception of Con- 
cretel5, are shown in Fig. 9. Some 
differences are to be noted. Size 
analyses for the shale gave continu- 
ous curves with little indication of 
straight-line portions. This difference 
may be attributed to the abundance 
of organic material and the non- 
brittle behavior of the shale. For 
Concrete6 there is an indication of 
two straight-line portions of the 
curve. For the sandstone a definite 
discontinuity occurs. This discontinu- 
ity was apparent for all energy levels 
and occurred at approximately the 
same chip size. The change in slope 
is believed to be an expression of the 
presence of two solid phases (sand 
grains and cementing material) in 
the rock. 

Cemented rocks such as sandstones 
may display two levels of breaking 
strength which are dependent upon 
the strength characteristics of the 
mineral grains and the cementing 
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material. Discontinuities in the size 
distribution curves may reflect these 
two levels of breakage resistance. To 
gain some verification of this, the 
cuttings of a high energy run for 
Concretel0 were acid treated to re- 
move all but the silica from the 
samples. 

The silica content of the original 
rock was determined by acid treat- 
ment of a crushed but unsorted 
sample of the rock. This silica con- 
tent was taken as the base as shown 
in Fig. 10. The residual silica con- 
tent for each fraction is shown as 
excess or deficiency of silica relative 
to the base. The +10 fraction shows 
a silica deficiency, but this is prob- 
ably statistical error due to the small 
amount of sample of this size avail- 
able for analysis. 

The excess of silica in the larger 
cutting sizes indicates a greater pro- 


portion of uncrushed sand grains 
existing in these fractions. The finest 
material shows a slight excess of 
silica which might be expected due 
to two causes. Silica sand grains, 
when subjected to a direct blow, 
tend to break down into a fine 
powder. Part of this excess may also 
be due to surface grinding actior 
of the cutter teeth. 


DRILLING ENERGY 
AND EFFICIENCY 


Evaluation of the efficiency of 
rotary drilling as a rock breakage 
mechanism is difficult due to the lack 
of a standard of comparison. In the 
present work, a comparison has been 
made with the breakage obtained 
with a drop-weight crusher. 

The drop-weight crusher used for 
the tests was similar to that described 
by Gross.” Samples of Concrete1l0 
were crushed at measured energy 
values. Size analyses were run on the 
crushed samples and the size moduli 
for each energy input were deter- 
mined. A plot of energy input vs 
size modulus is shown in Fig. 11. 

The values of a, n and A for the 
several rocks are shown in Table 3. 
An important limitation of Eq. 3 is 
that m must be greater than 1 but 
less than (@ + 1). In comminution 
work small positive values of the 
quantity (a—n+1) are found, 
with the quantity approaching zero 
for hard, brittle materials.* It is seen 
that these conditions are not satis- 
fied in the present tests. 


The values of a reported in Table 
3 may be somewhat too small. Size 
analysis of drill cuttings finer than 
44 microns was not made. It is pos- 
sible that analysis of these finer 
materials would have an influence on 
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interpretation of the Schuhmann 
Slopes of the size analysis curves. 
The discrepancies in a for Concrete10 
as determined by crusher and drilling 
tests may be due to this cause. A 
smaller proportion of material finer 
than 44 microns was present in the 
crusher samples and the reported 
value of a, although somewhat low, 
is probably of correct magnitude. 

Values of the exponent, n, for the 
drilling experiments are higher than 
those generally found in comminu- 
tion work. Values of both a and n 
have been reported to be character- 
istic to a given material and essen- 
tially independent of the rock break- 
age mechanism.* Larger values of n 
are found for those materials which 
are more resistant to crushing. The 
discrepancy of 7 values for the crush- 
ing and drilling experiments run on 
Concretel10 must indicate a marked 
difference in the rock breakage mech- 
anism. 

The described analysis indicates 
that the principles of comminution 
are not generally applicable to rock 
breakage by rotary drilling. However, 
a significant factor can be derived 
from the analysis. Values of the 
machine constant, A, in Eq. 3 are 
shown in Table 3. The values re- 
ported were obtained graphically 
from energy-size modulus plots. Com- 
paring crusher and driliing values of 
A for Concrete10 shows the remark- 
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ably greater energy requirement for 
size reduction by rotary drilling. Be- 
cause of differences ina and n values, 
no direct comparison may be made. 
Nevertheless, except for the sand- 
stone, the high values of A must 
reflect the low efficiency of rotary 
drilling as a rock breakage mech- 
anism. 


SUMMARY AND CONCLUSIONS 


A laboratory investigation has been 
made of some aspects of rock break- 
age by rotary drilling. Although re- 
sults and analysis of the investiga- 
tion do not have direct field appli- 
cations, experimental verification of 
several concepts has been obtained. 


A method of comparing the drill- 
ing strength of rocks has been pre- 
sented. It was found that ultimate 
compressive streigth is not an ade- 
quate measure of rock drillability. 
This is probably a reflection of the 
complex nature of rock breakage by 
the rotary method and differences in 
the strength characteristics of rocks 
of different types. 

Bit tooth wear has a pronounced 
effect on drilling penetration rates. 
Drilling chips become finer and drill- 
ing energy requirements increase as 
bit wear progresses. This is probably 
due to a decrease in the amount of 
rock chipping and an increase in 
inefficient grinding action of the 
dulled bit teeth. 

For rocks containing two or more 
mineral constituents of different 
strengths, a greater amount of rock 
breakage will occur in the weaker 
constituent. 


TABLE 3 — ENERGY-SIZE MODULUS 
CHARACTERISTICS 


Sample Method a n A a—n+1 
Concrete 6 Drilling 0.65 2.52 25,500 —0.87 
Concrete 10 Drilling 0.59 2.42 32,500 —0.83 
Concrete 10 Crushing 0.74 1.815 330 —0.075 
Sandstone Drilling 0.92 6.4? ? 


10? 
Shale Drilling 1.03 4.12? 24,500 —2.07? 


The principles of comminution are 
not generally applicable to rock 
breakage by rotary drilling. In com- 
parison with cther methods of size 
reduction, rotary drilling requires 
substantially larger amounts of energy 
to produce the same amount of rock 
breakage. The low efficiency of rotary 
drilling as a rock breakage mechan- 
ism is indicated. 

Future studies should be directed 
toward determination of stress dis- 
tribution patterns and failure charac- 
teristics of rocks under drilling load- 
ing conditions. 
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Prediction of Injection Rate and Production History for 
Multifluid Five-Spot Floods 


ASB RAC 


By mathematical analysis it was 
found that injectivity history of a 
uniform five-spot pattern can be cal- 
culated by rather simple formulas. 
These calculated injectivities were 
found to agree rather well with injec- 
tivities measured in a potentiometric 
analog. With this as a basis, a simple 
method was finally developed which 
allows prediction not only of rate of 
injection but also of rate and kind of 
production at the production well, 
for a uniform five-spot. Using this 
method formulas for the effective 
injectivity and production behavior 
of a waterflooded reservoir having a 
wide range in permeability can be 
calculated by considering that the 
reservoir consists of several layers, 
each having a uniform but different 
permeability. Rather good agreement 
is shown by a comparison of the ob- 
served production history of a field in 
the Illinois basin and that calculated 
by the methods just described. 


The importance of being able to 
predict the injection rates for a water 
flood is well known, for upon injec- 
tion rate depends the life of the 
flood, the size of pumping and treat- 
ing facilities, and the rate of oil re- 
covery. One method of determining 
rates of injection is through a pilot 
flood. However, it appears that even 
if a pilot flood is resorted to, a theo- 
retical method for calculating injec- 
tion rate will be valuable in extend- 
ing field results to times after inter- 


Original manuscript received in Society of 
Petroleum Engineers office July 7, 1958. Re- 
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ference and to locations of other 
five-spots. 

It is also important to be able to 
predict the production history of a 
flood. Such prediction must generally 
be done by theoretical means, since 
in general a small pilot flood will not 
furnish much quantitative informa- 
tion in this regard because of the 
distortion after oil-bank interference. 

Methods for predicting the be- 
havior of five-spot water floods have 
been proposed by Yuster and Cal- 
houn’ and by Hurst.’ However, these 
methods do not consider the effect of 
the mobility of the different fluids in 
the reservoir. Other investigators’*** 
have determined the effect of the 
water-to-oil mobility ratio on the pro- 
duction history by means of different 


1References given at end of paper. 


SHELL DEVELOPMENT CO. 


experimental techniques. Most of the 
published work applies to homo- 
geneous sand bodies, does not pro- 
vide information for determining the 
injection requirements of a flood, 
and seldom considers the rate of 
build-up of the oil bank as it fills 
up the partially depleted reservoir.* 

The present work was undertaken 
because of the lack of predictive 
method which takes into account 
mobility ratio and the rate of build- 
up of oil bank resulting from the 
void space in a partially depleted 
reservoir. 


*Aronofsky and Ramey® have presented 
results for predicting injection and produc- 
tion rates up until the time of water break- 
through for mobility ratios other than one. 
Their work does not consider the build-up of 
the oil bank as it fills up the partially de- 
pleted reservoir. 


PART 1—Development of Theory 


IDEALIZED DISPLACEMENT 
MECHANISM 


As water is injected into the reser- 
voir, which contains oil, water, and 
gas in macroscopically homogeneous 
saturation, it forms several banks 
ahead of the injection well. In each 
bank or region there is assumed to be 
only one mobile phase—water in the 
water bank, oil in the oil bank and 
gas in the gas region. The saturation 
in each region and a plan view of the 
banks are shown in Figs. 1 and 4 
respectively. 


FACTORS AFFECTING 
INJECTION AND PRODUCTION 
RATES 


Results in this report are deter- 
mined as functions of the three para- 
meters, F, M,., and M,,, and of a 


fourth parameter, r,,/L** which re- 
lates the size of the well to the flood 
spacing. The parameter F is the dis- 
placement factor defined by Hurst 
in Ref. 2. It determines the rate of 
build-up of oil bank as it fills up the 
partially depleted reservoir. When 
gravity effects are neglected, the 
four parameters just given are suf- 
ficient to describe the waterflood be- 
havior for horizontal and homogene- 
ous reservoirs having incompressible 
liquids. 


DEFINITION OF INJECTIVITY 


_ The dimensionless injectivity (or 
injection rate) used in this report is 
defined by 


l= 


_ **A value of 3.783 X 10-4 for rw/L is used 
in representing the experimental work, This 
corresponds to a wellbore radius of 0.25 ft 
and a 10-acre five-spot. 
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for the homogeneous reservoir. For 
a layered reservoir having no ver- 
tical communication (or permeabil- 
ity), the sum of the permeability- 
thickness product of each layer is 
used in defining injectivity. 


2 


It can be readily appreciated that 
if the injectivity is known or can be 
predicted as it varies during the 
progress of a water flood, the injec- 
tion rate can obviously be obtained 
for known values of water viscosity, 
pressure differential and permeabil- 
ity-thickness product. 


EXPERIMENTAL METHODS 
AND RESULTS 


The experimentally determined in- 
jectivities were obtained by means of 
a potentiometric analog similar to 
that described by Lee.® It consists of 
a tank representing one-eighth of a 
five-spot and containing an electro- 
lyte through which an alternating 
current is passed between electrodes 
at the well positions. Fillers of Lucite 
or EPON cut to the shape of the 
water-oil and oil-gas fronts (which 
had been previously determined) 
were used to obtain appropriate 
mobility contrasts between the vari- 
ous banks. The resistance of the 
system between the two electrodes 
was measured by means of a bridge 
arrangement. 


From the measured resistance the 
injectivity of the system between the 
two electrodes in the tank was ob- 
tained from 

Injectivity = 1/Qd,0, . (3) 
where © is the measured resistance 
of the tank, ohm; d,, is the depth of 
electrolyte in the water bank in the 
tank, cm; and a is the specific con- 
ductivity of the electrolyte, mho/cm. 


The injectivity of the entire five- 
spot would be eight times the value 
measured in the tank if the value of 
r./L in the field were the same as 
that in the tank. In general, however, 
the ratio of the electrode radius, r’.,, 
to the side of the model five-spot, 
L’, is much larger than the ratio of 
the radius of a well in the field, r,,, 
to the side of the five-spot in the 
field, L. Under the assumption that 
the flow would be radial in the cylin- 
der between the electrode radius and 
the analog of the true field radius, 
the resistance of this cylinder at the 
injection well can be shown to be 


(4) 


= 
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The resistance of a similar cylinder 
at the production well is given by 
a similar equation, except that the 
denominator must be modified for 
the fact that gas, oil, or oil and 
water may be produced at this well. 
The final expression for injectivity 
when oil and water are being pro- 
duced simultaneously is 
— — 1)In /L) 
where f,, is the fraction of water in 
efflux (water-cut) and the factor, 8, 
arises from the fact that only one- 
eighth of the five-spot is considered 
in the electrolytic tank. 

The injectivity of a homogeneous 
reservoir as a function of the cumu- 
lative water injection, determined as 
just described, is presented in Fig. 2 
for the’ case where = 
0.1, and F = 2.35. Throughout this 
report the cumulative water injection 
is expressed in terms of the floodable 
pore volume, given by 

W, 
SS 
(6) 

In this three-fluid case the injec- 
tivity curve begins at the injectivity 
of the gas region or unflooded zone. 
In general, this injectivity will be 
very high. As water is injected, the 
injectivity falls rapidly, the drop 
being approximately logarithmic until 
interference occurs between oil banks 
from neighboring injection wells. For 
the three-fluid case shown, actual oil- 
bank interference occurs at a cumu- 
lative injection of 0.375. The curve 
has already started its downward 
drop at this time, and the injectivity 
continues to fall off sharply until 
all the gas is displaced and complete 
liquid fill-up occurs. For the case 
shown this occurs at a cumulative 
injection of 0.426, It should be noted 
that oil production begins only after 
the gas region is swept out com- 
pletely. 

After fill-up the injectivity remains 
reasonably constant until about the 
time water breakthrough occurs 
(0.625 unit of injection). The curve 
then rises, approaching asympto- 
tically the injectivity value for water 
in the five-spot. 


Tests were made to determine the 
effect of the shape of the water-oil 
front on the injectivity in this post- 
water-breakthrough period. Several 
possible shapes of fronts were cut 
for the same angle of water entry 
into the production well (21°) and 
injectivities were determined at 
mobility ratios varying from four to 
seven. It was found that at constant 
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mobility ratio the injectivity varied 
by less than 3 per cent as the posi- 
tion of the water-oil front was shifted 
widely. 

From these results it was con- 
cluded that the exact shape of the 
front mattered little, and that a gen- 
erally applicable plot could be made 
by plotting two-fluid injectivity re- 
sults vs water-cut, as shown in Fig. 
3 

Such a plot is useful in calculating 
injectivity for initially three-fluid sys- 
tems after water breakthrough, as 
will be shown later. It was found 
that the injectivity as read from this 
plot checked very closely with the 
experimentally determined curve in 
Fig. 2. 


CALCULATION OF 
INJECTIVITY FOR A 
HOMOGENEOUS RESERVOIR 


PERIOD 1: FROM INITIATION OF 
FLOODING TO OIL-BANK 
INTERFERENCE 


It is assumed that the fronts are 
radial in this period, as shown sche- 
matically in Fig. 4. In order to cal- 
culate the injectivity it is first neces- 
sary to calculate the radii of the 
water and oil banks as functions of 
cumulative injection. The applicable 
equations are 


+r, . (8) 


where r, is the outer radius cf the 
water bank, r, is the outer radius 
of the oil bank, W;» is the cumula- 
tive injection expressed as a fraction 
of the floodable five-spot volume, 
and A is the area of the five-spot. 
At any value of r, and r, the injec- 
tivity may then be obtained from 
Ip = { In(7,/r,,)’ 

Galt in CL 3.856 

This equation is easily derived by 
assuming that radial flow occurs in 
the oil and water banks and that the 
pressure drop in the gas region is 
equal to the pressure drop in the 
dashed square in Fig. 4, if gas filled, 
less the pressure drop in hypothetical 
gas bank between r, and r,. The term 
— equal to 
(47/injectivity) for the single-fluid 
case, a result which may be obtained 
from published work.’ 

For vales of Wi, > 0.01, terms 
involving 7, in Eqs. 7 and 8 may 
generally be neglected, so that 
== F, If, in addition, iM 
< 0.02, Eq. 9 may be simplified to 
give 
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47 
Inr, — + M,., InF 
(10) 
This equation is very often sufficient- 
ly accurate for the computation of 
T, in Period 1. 


PERIOD 2: FROM OIL-BANK 
INTERFERENCE TO OIL 
BREAKTHROUGH 


A sketch of the fronts during this 
period is shown in Fig. 4. It is as- 
sumed that the water-oil front is still 
radial up to interference with the 
water bank trom another well, or up 
to oil breakthrough, whichever is 
first. The gas-oil front is also as- 
sumed to be radial for r, < L/6, 
where r, is the outer radius of the 
gas region around the production 
well. The radius of the water bank 
may be obtained from Eq. 7; the 
radius of the gas region may be 
found from 


—(1-W,F) +7, 


(11) 
and the injectivity from 
IT, = 40 { 

The lower limit of usefulness of 
Eq. 12 is suggested as being r; = 
L/6, when M,,, < 0.005, for at cu- 
mulative injections less than those 
corresponding to this value, the as- 
sumption of a radial gas front may 
not be applicable. When M,,, = 0.1, 
the lower limit of usefulness was 
found to be r,; = L/20. 

The upper limit «for Eq. 12 is 
either the point of oil breakthrough, 
W;p = 1/F, or the point of water- 
bank interference (r, = L/2), which- 
ever is earlier. 


PeRIoD 3: AFTER OIL 
BREAKTHROUGH 


During this period use is made of 
the two-fluid results which were 
plotted in Fig. 3 as a function of 
water-cut. The dotted curves in this 
figure were added on the basis of 
cross plots. It must be remembered 
that the values plotted in Fig. 3 are 
only applicable for r,/L = 3.788 
x 10%. For other values of 7,,/L 
they must be corrected by using the 
following equation: 


I, = 


+ Moo — — 


10) 


where J’, is the value read from Fig. 
3 and r,/L is the ratio of effective 
well radius to the side of the five- 
spot for the well in question. 


Before these curves can be used, 
however, one must first calculate the 
value of cumulative injection at 
water breakthrough (the sweep effi- 
ciency at water breakthrough) and 
subsequent values of water-cut at 
several values of cumulative injec- 
tion. 

These calculations can easily be 
made whenever the sweep efficiency 
histories are available. Sweep effi- 
ciency histories are given in Fig. 5 
for three different combinations of 
the pertinent parameters. Sweep effi- 
ciency histories for other parameters 
may be obtained with the aid of Fig. 
6 and by interpolation in Fig. 5. 
These results had been obtained pre- 
viously by means of a reversed* elec- 


trolytic analog using the w method 
of front advance described in Ref. 8. 


*In the reversed electrolytic analog the 
electrical equipotential lines represent the 
fluid streamlines in the reservoir. In this 
model, the injectivity is given by Ip = Qdwo. 
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Limited experimental results indicate 
that the sweep efficiency histories 
are not affected by values of the oil- 
gas mobility ratio found in prac- 
tice (less than 0.1). Oil-cut histories 
necessary for determining the injec- 
tivity histories can be determined 
from the sweep efficiencies by means 
of the relation 


dE, 
adW.p 


Any of the sweep efficiency his- 
tories reported in the literature can 


be used with the method presented 
here. The sweep efficiencies we have 
used have been obtained from poten- 
tiometric models and as we shall see, 
their use gives satisfactory results. 
Completion of the cited calcula- 
tions leaves undetermined only the 
section of the curve from oil break- 
through to water breakthrough (see 
Fig. 2). Generally, the injectivity 
during this period will be about con- 
stant, and a very good approxima- 
tion to the true curve can be ob- 
tained by sketching from the point 


of oil breakthrough (determined in 
Period 2) a curve which has very 
little slope, and which joins smoothly 
with the curve determined for post- 
water breakthrough. 

The injectivity histories of homo- 
geneous layers obtained as described 
above can be used to determine the 
injection and production histories of 
a layered reservoir. Although the 
procedure is conceptua!ly simple, it 
is thought best to describe it in de- 
tail by an illustrative example. This 
is done in the following sections. 


PART 2—Application of Theory 


GENERAL DISCUSSION 


As a consequence of the assump- 
tions made in Part 1, the produc- 
tion history for a homogeneous layer 
would be as follows. 

From the initiation of flooding 
until the time of oil breakthrough 
(or fill-up) the layer would produce 
all gas; from oil breakthrough until 
water breakthrough, all oil; and af- 
ter water breakthrough, both water 
and oil with the water-cut increasing 
with cumulative water injection. 

In the application of this theory 
to an actual field in which flooding 
is to be undertaken by means of an 
array of five-spots, the injection and 
production history of one typical or 
prototype five-spot is calculated in 
dimensionless units of injection and 
production rate and cumulative water 
injection. The behavior of the entire 
field, then, is merely a multiple of 
the prototype five-spot behavior de- 
pending on the number of five-spots 
in the field. Obviously the choice of 
such a prototype is important. Its in- 
jection interval should possess reser- 
voir characteristics that are represen- 
tative of the entire flood area. In 
cases where these characteristics vary 
markedly over the field, it might be 
necessary to divide the field into 
several areas, choosing a prototype 
five-spot for each. 

The prototype five-spot is consid- 
ered to be made up of a series of 
layers of different thickness, per- 
meability, and porosity, each layer 
being separated from adjoining lay- 
ers by an impermeable barrier, and 
each layer being homogeneous. The 
theory presented in Part 1 for a 
homogeneous layer is then applied 
to the multilayer five-spot by a sim- 
ple super-position method to obtain 
a composite injection and production 
history. The method will be illus- 


trated in 
example. 


the following numerical 


ILLUSTRATIVE EXAMPLE 


The following parameters are rep- 
resentative of a reservoir in the IIli- 
nois Basin: 


So = 0.558 
Sor = 0.144 
Sg = 0.242 
Sor = 0.000 
Swe = 0.20 
krw = 0.10 
kro = 0.133 
krg = 0.148 
Hw = 0.87 cp 
Ho = 3.5 cp 
Ho = 0.013 cp 
L = 933 ft 
rw = 2 ft (assumed effective radius) 
= 0.176 
Mw,o = 3.0 
Mo, 9 = 0.0033 
So) Sor 


For a series of arbitrarily chosen 
values of dimensionless cumulative 
injection, W,», injectivity values are 
calculated during Periods 1 and 2 by 
using Eqs. 7 through 12. The re- 
sults of these calculations are shown 
in Table 1, and it is important to 
note the limits of applicability of the 
equations. For Period 3 (after water 
breakthrough) it is first necessary to 
determine the cumulative injection 
(or sweep efficiency) at water break- 


values of M,,, and F this value is 
seen to be 0.65. A sweep efficiency 
curve may then be obtained as a 
function of W,, by interpolation be- 
tween lines in Fig. 5 to obtain Curve 
D. The water-cut and oil-cut curves 
obtained for this example by the use 
of Eq. 14 are shown in Fig. 7. 

Finally, using the water-cut curve 
shown in Fig. 7 in conjunction with 
Fig. 3 and the proper water-to-oil 
mobility ratio, one may read directly 
the values of dimensionless injectiv- 
ity 7’,, for arbitrary values of dimen- 
sionless cumulative injection Wj». 
These values are shown in Table 2 
as well as the corrected J, values ob- 
tained by applying Eq. 13 to ac- 
count for the difference in the ratio 

The results calculated for these 
three periods are shown in Fig. 8 
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Fic. 6—Sweer Errictency AT WATER 
BreaKTHROUGH VS WaATER-OIL MopsiILity 


through from Fig. 6. For the given Ratio. 
TABLE 1 — INJECTIVITY DURING PERIODS 1 AND 2 
Period Win 1 2 Ip 
0 4 4 61.246 
0.01 2775 7513 1.301 
0.05 13858 37548 1.128 
0.10 27712 75093 1.062 
0.20 55421 150184 1.003 
0.278 74817 202747 0.980 
Period 3 Ip ig 
0.29 80359 59328 0.921 
0.32 88671 36801 0.845 
2 0.34 94213 21783 0.770 
0.36» 102248 4 0.300 
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Fic. 7—WATER AND OIL-cUT CURVES FOR 
ILLUSTRATIVE EXAMPLE. 


where the interval between oil break- 
through and water breakthrough has 
been drawn in accordance with the 
comments made in Part 1. Note par- 
ticularly from Table 1 that at zero 
cumulative injection the injectivity 
has a very high but finite value. 

Further calculations (shown later) 
will require the determination of 
the area under this curve, and some 
difficulty may be encountered in 
dealing with this portion of the 
curve which approaches zero almost 
asymptotically. However, the con- 
tribution of the initial part of the 
injectivity curve is usually small and 
in this case it may be drawn to in- 
tersect the zero ordinate at some 
convenient small value such as 1.4 
(Fig. 8). 

A careful examination of the equa- 
tions used in calculating Fig. 8 will 
show that the figure is restricted to 
a specific homogeneous layer only to 
the extent that it was calculated for 
certain mobility ratios, fluid satura- 
tions and five-spot geometry. It may 
be applied to all the layers in a 
given reservoir which have the same 
mobility ratios and fluid saturations 
but different values of permeability, 
thickness and porosity. However, in 
order to derive from Fig. 8 injec- 
tivity curves for individual layers dif- 
fering in permeability and/or porosi- 
ty, it is necessary to convert the cu- 
mulative injection scale to one of 
real time. By definition, 
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TABLE 2—INJECTIVITY DURING PERIOD 3 


Water-cut Ip Ip 
0.65 0 0.245 0.336 
0.70 0.38 0.285 0.382 
0.80 0.56 0.322 0.435 
0.90 0.66 0.350 0.476 
1.00 0.73 0.370 0.499 
1.50 0.90 0.421 0.565 
2.00 0.97 0.443 0.594 
Win — 

cumulative injection 
floodable five-spot volume ¢’hA 
where 

Then 


Wino 
i,,dt/b/hA 


t 
| 
oO 

= k,tdp/d’ pA (15) 
Thus, it is possible to relate either 
dimensionless cumulative injection, 
Wp, or dimensionless injectivity, Jp, 
to real time by plotting the reciprocal 
of dimensionless injectivity from 
Fig. 8 and integrating the area un- 
der the curve. These two relation- 
ships are shown in Figs. 9 and 10. 

If [,(t)* is the injectivity of the 
jth layer at time ¢, then by definition 
the rate of injection into layer j at 
time f¢ is 
_ 1p(t) jh, 


(16) 


and the total rate of injection into 
the system at any time is 


A 
In(t) ky,h, 
Hw 


(17) 
Then, in total average) injec- 
tivity for the system is 


j 


[es 


The permeability to air may be 
obtained for the various layers from 
core analysis, and the relative per- 
meabilities of the various layers to 
water at the residual oil saturation 
should be determined. From the air 
and relative permeabilities, the effec- 
tive permeabilities of the various lay- 
ers to water, k,;, can be obtained 
and the values ot k,,;h;/ ky ;h; cal- 
culated for each layer as shown in 
Table 3. The reservoir has been di- 
vided into four layers. 

Based upon the foregoing deriva- 
tions, it will now be seen that Fig. 
10 may be used to calculate the di- 
mensionless injectivity vs real time 
relationship for each layer. For a 


*For simplicity we have used the argu- 
ment (t). Actually the argument should be 
[kw juwA) 
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Fic. 10—IngectTiviry FoR ILLUSTRATIVE 
EXAMPLE AS A FUNCTION OF DIMEN- 
SIONLESS TIME. 


given layer, j, having a capacity, 
k,,;h;, the product, I,(t) ky j;h;/Skw;h;. 
is calculated simply by multiplying 
the ordinates by the factor, k,h;/ 
Sk.j;h; A real-time scale for each 
layer is similarly calculated by mul- 
tiplying the abscissas by the factor, 
because the values of Ap, 
and A are the same for each layer. 
In this example the porosity for all 
layers was approximately the same 
so that it was necessary to multiply 
only by the factor, 1/k,,,. 

The injectivity curves so calculated 
for each of the four layers of this 
example are plotted in Fig. 11 on 
log-log paper since, on this type 
paper, the curves will all have iden- 
tical configurations. From a practical 
standpoint it is only necessary to 
calculate the entire curve for one 
layer, make a template of its shape 


TABLE 3—PERMEABILITIES AND THICKNESSES 


Layer kair kwj hj Keo 1/kwj 
No. (md) (md) (ft) Dkw (md-?) 
1 1636 163.6 0.88 0.261 0.00612 
74 524 52.4 4.88 0.465 0.01908 
3 188 18.8 6.10 0.208 0.05319 
4 60 6.0 6.05 0.066 0.16667 
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Fic. 11 —Inyectiviry ror DIFFERENT 
Layers 1n ILLUSTRATIVE EXAMPL#. 


and then trace the remaining curves 
through calculated check points. 
The total injectivity, 7,,, for the 
layered system is then found by 
adding the ordinates for the various 
layers, as shown in Fig. 11, in ac- 
cordance with Eq. 18. Note that it 
was necessary to place all injectivity 
curves on a real-time scale before 
summing because the cumulative in- 
jection into each layer will, in gen- 
eral, be different at any given time. 
Finally, the composite dimensionless 
injectivity, /,,, is related to dimen- 
sionless cumulative injection, W,»,, 
by the formula, 
cumulative injection 


floodable five-spot volume 
= fi,dt 
kavetAp 
UwA 


W iy = 


= Ip: dt, 


tAp 


where — 2h; and the 
values t’ and ¢, refer to the functions 
of time shown as the upper limits in 
the integrals. The solution of Eq. 19 
is accomplished by a numerical in- 
tegration of the area under the dotted 
curve in Fig. 11 and the results are 
shown in Fig. 12. 

The calculations thus far are sum- 
marized in Tables 4 and 5 which 
show, respectively, values of com- 
parative real time and values of di- 
mensionless injectivity for each of 
the layers. 

It is now possible to calculate the 
fractions of gas, oil and water being 
produced by the five-spot (and hence 
the entire field) from the informa- 
tion in Table 5. From Eqs. 16 and 
17 it is seen that 

(t) Kosh; 
Siwy Kush; 
hy | (20) 
Moreover, since it was assumed in 


Part 1 that the fluids are incompres- 
sible, the rate of production from 


(19) 
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TABLE 4—COMPARATIVE TIME SCALES 


k wtp Values of tAp/@’uwA in md-! for Layer 

Wip @ MwA 1 2 3 4 Ip 
0 10} 0 0 0 (0) 61 
0.01 0.0066 0.00004 0.00013 0.00035 0.00110 1301 
0.05 0.0397 0.00024 0.00076 0.00211 0.00661 1.128 
0.10 0.0854 0.00052 0.00163 0.00455 0.0143 1.062 
0.15 0.1333 0.00082 0.00254 0.00709 0.0222 1.027 
0.20 0.1826 0.00112 0.00349 0.00971 0.0304 1.003 
0.25 0.2329 0.00143 0.00445 0.0123 0.0388 0.986 
0.27 0.2533 0.00155 0.00483 0.0134 0.0422 0.980 
0.29 0.2737 0.00167 0.00522 0.0146 0.0456 0.921 
0.32 0.3078 0.00188 0.00587 0.0164 0.0513 0.845 
0.34 0.3326 0.00204 0.00635 0.0177 0.0554 0.770 
0.369 0.3997 0.00245 0.00762 0.0213 0.0666 0.300 
0.40 0.5000 0.00306 0.00955 0.0266 0.0833 0.303 
0.50 0.7800 0.00477 0.0149 0.0414 0.1300 0.311 
0.60 1.0400 0.00636 0.0199 0.0553 0.1732 0.320 
0.65 1.2863 0.00787 0.0245 0.0685 0.2144 0.336 
0.70 1.4256 0.00872 0.0272 0.0759 0.2376 0.382 
0:75 1.5482 0.00947 0.0296 0.0824 0.2580 0.409 
0.80 1.6668 0.0102 0.0318 0.0886 0.2778 0.435 
0.85 1.7787 0.0109 0.0340 0.0946 0.2962 0.459 
0.90 1.8856 0.0115 0.0360 0.1002 0.3140 0.476 
0.95 1.9892 0.0122 0.0380 0.1059 0.3312 0.489 
1.00 2.0903 0.0128 0.0398 0.1110 0.3480 0.499 
Pe} 2.4771 0.0152 0.0473 0.1319 0.4127 0.532 
1.4 2.8441 0.0174 0.0542 0.1511 0.4740 0.558 
1.6 2.1979 0.0196 0.0611 0.1700 0.5321 0.573 
1.8 3.5434 0.0217 0.0675 0.1884 0.5900 0.585 
2.0 3.8828 0.0238 0.0741 0.2063 0.6465 0.594 


TABLE 5—TOTAL INJECTIVITY AND COMPOSITION OF EFFLUENT 


tAp 
Values of for Layer 
(md-') 1 2 3 4 Ipt fy fo fo Wipe 
ie) 15.956 28.473 72 4.045 61.246 1.000 — 
.000 .281 .550 -265 .093 1.189 1.000 -015 
-001 .264 088 1.000 — .033 
.002 .201 -236 083 1.006 1.000 .067 
.0024 .078(0) 479 WEY) 081 .870 -910 -090 .080 
-006 -083(0) -216 076 .770 -892 .108 — 
.0076 .086(0) .140(0) 074 59 .203 
.0079 -088(0) -141(0) 074 445 .209 
008 .089(.17) .141(0) 074 -516 -556 .029 
010 .114(.58) -141(0) -208 073 -536 524 .123 .243 
015 140(.82) .145(0) -200 071 -556 488 .305 .207 
-020 .150(.93) -149(0) -094 069 462 353 .344 .303 403 
.0213 152(.94) .150(0) .063(0) 069 434 158 .330 .421 
0245 -154(.97) .157(0) -063(0) 068 442 154 .509 337 
027 154(.98) .176(.40) -064(0) 067 461 145 .376 479 498 
.040 -154(.99) -236(.74) -065(o) 066 521 127 «245 628 695 
-050 -154(.99) .254(.85) .066(0) 058 532 .109 692 .858 
.060 .154(.99) -265(.92) -067(0) 043 529 .081 170 749 


(o) means oil production in that layer 
(decimal fraction) means water-cut to that fraction in that layer 
No designation means gas production in that layer 


any layer will be equal to the rate 
of injection into that layer so that 


i 


j 


(21) 


where gq; refers to the production 
rate of gas, oil or water from the 


jth layer. 

Therefore, 
h, 


Referring to Fig. 11 and recalling 
the composition of the effluent from 
a homogeneous layer as injection 
progresses (discussed in the second 
paragraph of this part) it is possible 
to designate the fluids being produced 
from each layer at any time in 
Table 5. For example, Layer 1 pro- 
duces only gas until oil breakthrough 
at tAp/’,4 = 0.0024 (no designa- 
tion means gas). From that time un- 
til tAp/d’u.A = 0.0079, only oil is 
produced and is designated in Table 
5 by the symbol (0). After the time 
tAp/$’ pA = 9.0079, the layer pro- 
duces both oil and water, the water- 
cut being shown as a fraction in 


parentheses. This water-cut is ob- 
tained by multiplying the time scale 
for a given layer by the value, k.;, 
for that layer to obtain 

From Fig. 9, corresponding values 
of W,) are read, from which the 
water-cuts can be found in Fig. 7. 

From Eq. 22 the fractions of gas, 
oil and water in efflux can be calcu- 
lated as follows. For example, at 
the comparative time tAp/¢’u,.A = 
0.010 in Table 5, the fractions of 
gas, oil and water are 


TOTAL COMPOSITE INJECTIVITY 
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12—Composite INJECTIVITY FOR A 
PARALLEL-LAYER RESERVOIR. 
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(0.208 + 0.073) 
556 
(0.114) (0.42) + 0.141 
0.536 


OM 
0.536 


Total = 1.000 
The last column in Table 5 is the 
total dimensionless cumulative injec- 
tion into the layered system and is 
obtained by using Eq. 19. Results 
are plotted in Fig. 12. 

With these values of composition 
of effluent it is possible to plot pro- 
duction rates of gas, oil or water ex- 
pressed as fractions of the total in- 
jection rate (since it is equal to the 
total production rate) vs either real 
time or cumulative injection. It is 
believed that, in general, less gas will 
be produced than predicted because 
a large portion will probably be dis- 
solved in the oil bank. However, no 
field data on gas production during 
a flood are readily available for com- 
parison. 

Figs. 13 and 14 show the figures 
obtained in Table 5 for oil produc- 
tion rate and water production rate, 
respectively, both expressed as frac- 
tions of the injection rate and plotted 
against dimensionless cumulative in- 
jection. Also shown in Figs. 13 and 
14 are the values actually observed 
in this field during the seven years 
this flood has been in operation. It 
will be seen that while the calcu- 
lated curves do not correlate exactly 
with the observed curves, the gen- 
eral shapes are similar. 

The two high peaks displayed by 
the calculated curve in Fig. 13 are 
a result of using only four layers to 
represent the injection interval. Our 
experience indicates that the use of 
more layers would result in better 
correlation. The apparent displace- 
ment to the left of the calculated 
curve in Fig. 13 corresponds to a 
time displacement of approximately 
10 months and, hence, is relatively 
unimportant from an economic stand- 
point. 

Fig. 15 is a plot of oil-water ratio 
vs cumulative oil production also ob- 
tainable from Table 5. Here the cal- 
culated and observed curves cor- 
relate very well. The calculated curve 
has been extended to the economic 
limit in order to obtain the ultimate 
secondary recovery which is indi- 
cated to be 3,120,000 bbl or approxi- 
mately 76 per cent of the potentially 
recoverable oil in place at the start 
of flooding. A straight-line extrapo- 
lation of the observed curve indicates 
very nearly the same recovery. 


= 0.524 
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GENERAL DISCUSSION 


The validity of representing reser- 
voirs by a system of non-intercon- 
nected layers leaves much to be de- 
sired, at least in principle. It has 
been very gratifying to find the 
rather good agreement betweeh oil- 
water ratios predicted by the meth- 
ods developed in this paper (con- 
sidering the reservoir as a system of 
layers) and those observed in ac- 
tual field cases. An example of the 
kind of agreement found is given in 
Fig. 15. The agreement between cal- 
culated and observed oil and water 
production rates is generally good, 
but usually there is a slight lag in 
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observed rates compared to those 
calculated. 


When different values of the per- 
tinent parameters and permeability 
distribution apply to different sec- 
tions of the field, each section must 
be considered separately. The same 
must be done whenever a section of 
a field is partially flooded before in- 
jection is begun in other sections. In 
the event that the fluid saturations 
(and even crude viscosity) differ 
markedly from layer to layer, it will 
be necessary to use the injectivity 
history appropriate for each layer in 
order to determine the composite in- 
jection and production history. Also, 
results (as good as those reported 
here) have been obtained by modi- 
fying these methods slightly for res- 
ervoirs which were producing sig- 
nificant amounts of water at the time 
the flood was initiated. The methods 
and the modifications just suggested 
also can be extended to flooding pat- 
terns other than the five-spot. 


Although these methods for the 
determination of injection and pro- 
duction histories are easy to under- 
stand, the numerical work is quite 
burdensome, taking about three days 
per case for a trained computer. 
Fortunately, the method is readily 
adaptable to low- and medium-speed 
electronic computers. Programing 
the method for solution on auto- 
matic computers not only frees the 
engineer from a time-consuming and 
tedious chore, but also allows inves- 
tigation of possible variation of the 
pertinent parameters on the ultimate 
recovery of a contemplated water 
flood. 


NOMENCLATURE 


II 


sweep efficiency, area cov- 
ered by water bank at any 
time, as fraction of five- 
spot area 


f, = fraction of gas in efflux 

f, = fraction of oil in efflux 

= dimensionless injectivity (ex- 
perimental for r,/L = 
all One) 


/,(t) = dimensionless injectivity as 
function of time 
= 
M,,, = oil-to-gas mobility ratio 
M.,. = water-to-oil mobility ratio 
p = pressure (also Ap = pres- 
sure drop from injector 


*See AIME Symbols List in Trans. AIME 
(1956) 207, 363, for other symbol defini- 
tions, 


PETROLEUM TRANSACTIONS, AIME 
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to producer) 
r; = radius of gas region 
r’/L’ = ratio of well radius to side 
of five-spot in the elec- 
trolytic tank 
Sic = connate water saturation 
t’ = tAp/d’pywA 
SUBSCRIPTS 
ec = cylinder 


=) 
II 


j = given layer 
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The principle, the equipment and 
field operation of sonic logging are 
described. The two-receiver system 
produces logs independent of hole 
size and mud. Field experience is 
given and forms the basis for the in- 
terpretation of the log. The deriva- 
tion of porosity values from meas- 
ured velocities is discussed, accord- 
ing to the type of formations (hard 
formations, compacted sands, and 
unconsolidated formations). The time- 
average equation proposed by M. R. 
J. Wyllie, A. R. Gregory and L. W. 
Gardner is used as a basis for the 
computation of porosity in lime- 
stones, cemented sandstones and 
compacted sands. Variations in the 
lithologic character of limestones do 
not seem to change the porosity cali- 
bration markedly. The compaction of 
sands is related to the compaction of 
shale adjacent to them; and, thus, the 
shale velocity is used for the estab- 
lishment of empirical relations for 
the computation of porosity in un- 
consolidated formations. Various for- 
mulas are tentatively presented to ac- 
count for shale and fluid content. 


Field experience demonstrates that 
considerable attenuation of sonic 
energy takes place in unconsolidated 
formations, particularly when gas 
bearing, and in fractured formations. 
Unusually large attenuation produces 
skipped cycles, a feature easily rec- 
ognized. The application of sonic 
logging to structural studies is fea- 
tured, showing its possible integra- 
tion with the dipmeter. Correlation 
and its application to the interpreta- 
tion of seismic surveys are reviewed. 


The paper is illustrated with field 
examples. 
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Revised manuscript received March 2, 1959. 
Paper presented at 33rd Annual Fall Meet- 
ing of Society of Petroleum Engineers in 
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Sonic logging is the recording of 
the time required for a sound wave 
to traverse a definite length of for- 
mation. Sonic travel-times are in- 
versely proportional to the speed of 
sound in the various formations. 


The speed of sound in subsurface 
formations depends upon the elastic 
properties of the rock matrix, the 
porosity of the formations and their 
fluid content and pressure.” Below 
the “weathered” or low-velocity layer 
extending from 50 to 100 ft or so be- 
low the surface, sound velocities may 
range from about 6,000 ft/sec in 
shallow shales to as much as 24,000 
ft/sec in dolomites. 


In hard formations (well cemented 
and/or compacted), the sonic log 
reflects the amount of fluid in the 
formations; hence, it correlates well 
with their porosity. 


In unconsolidated formations, 
which are usually of fairly high por- 
osity, the sonic log gives an ap- 
proach to porosity determination, 
when its readings are corrected for 
lack of compaction, shaliness, and 
fluid content. In such formations the 
sonic log may also indicate the 
presence of gas and may distinguish 
between oil- and water-bearing beds. 
Field experience with the sonic log 
in soft formations is more limited 
than that in hard formations. As a 
result, interpretation in soft forma- 
tions is not as well developed at the 
present time. 

In all types of formations the sonic 
log is of considerable value for cor- 
relation and for the more detailed 
and accurate interpretation of seismic 
data. 


EQUIPMENT AND PRINCIPLE 
FIELD OPERATION 


The basic features of the sonic 


1References given at end of paper. 


log* are a two-receiver system and 
two available short spacings. The log 
is recorded on film using a standard 
field unit. An SP curve is run along 
with the sonic curve to give a more 
interpretable log and to establish ab- 
solute depth control for comparison 
with other logs run in the same well. 
If desired, a gamma-ray curve may 
be recorded simultaneously with the 
sonic curve. 

Fig. 1 shows the sonic-gamma ray 
combination sonde. The sonic por- 
tion consists of a sound transmitter 
and three receivers mounted 3, 4 
and 6 ft from the transmitter. When 
the first and second receivers are 
used, a sonic log of 1-ft spacing (dis- 
tance between receivers) is obtainea. 
Use of the first and third receivers 
provides a 3-ft spacing. 

The transmitter emits pulses at 
the rate of 10/sec. After the trans- 
mission of a pulse the first arrival of 
sound energy at each receiver trig- 
gers its response system. The differ- 


*The sonic logging device described in this 
paper was developed by Humble Oil & Re- 
fining Co. and further engineered by the 
Research and Engineering departments of 
Schlumberger Well Surveying Corp 
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ence in the times of arrival of the 
triggering sound waves at the two re- 
ceivers is recorded as the time re- 
quired for the sound wave to tra- 
verse a length of formation equal to 
the distance between the receivers (1 
ft or 3 ft, according to which spacing 
is being recorded). 

The mud and the material of the 
sonde body have lower sonic veloci- 
ties than the formation. Accordingly 
the paths of minimum travel time are 
through the formation, as schematic- 
ally indicated in Fig. 1 for hole di- 
ameters up to about 30 in. in hard 
(high velocity) formations and about 
20 in. in soft (low velocity) forma- 
tions’. 

Unusual occurrences take place 
when the transmitted energy is sub- 
mitted to large attenuation. This will 
be discussed later under the heading 
of “Skipped Cycles.” 

The sonic log records transit time, 
the time required for sound to travel 
a distance of 1 ft through the for- 
mation. The unit of measurement is 
the microsecond per foot. Transit 
times vary from 40 microseconds/ft 
in hard formations to as high as 200 
in recent beds or in usual drilling 
muds. These times correspond to ve- 
locities of 25,000 to 5,000 ft/sec. 

The transit time, At, in microsec- 
onds per foot, is related to the ve- 
locity, V, in feet per second by the 
formula: At = 10°/V. 

Logging speed is usually the same 
as that for electrical logs. However, 
if combined with the gamma ray, the 
lower logging rate for this curve 
governs the maximum logging speed. 


Recent field equipment also incor- 
porates an integrator for the purpose 
of finding quickly the total travel 
time over an interval of formation. 
This information is useful both for 
interpretation of seismic records and 
for average porosity determinations. 
The record on the log, shown at the 
left edge of the sonic track, is a 
series of pips (Fig. 2). The depth in- 
terval between successive small pips 
represents 1 millisecond of integrated 
travel time. The interval between the 
larger pips represents 10 millisec- 
onds. 


EFFECT OF CAVES 


The time consumed in the passage 
of the sound wave from transmitter 
to wall of hole, and from wall of 
hole to receiver is not included in 
the formation travel time recorded, 
but is eliminated by recording the 
difference in arrival times at the two 
receivers. The influence of the mud 
character and hole size is, therefore, 
negligible in this system as long as 
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the hole size is not rapidly changing 
and the tool is held parallel to the 
wall of the hole by means of cen- 
tralizers provided for the purpose. 

In the cited respect, the two-re- 
ceiver system is superior to the sin- 
gle-receiver system, for which a cali- 
per log is essential for proper in- 
terpretation. In the case of caved 
hole the travel-time reading of a sin- 
gle-receiver sonde is always too great 
over the entire caved section (Fig. 
3, left), whereas the reading of the 
two-receiver sonde is disturbed only 
at the top and bottom of a caved 
section (Fig. 3, right). Since the dis- 
turbances on the reading are in op- 
posite sense at the top and bottom 
of the cave, they average out in their 
effect in determinations of total 
travel time through the section. The 
effect of caves on a two-receiver 
sonde is further illustrated in the ac- 
tual recording of Fig. 4. 


Fig. 4 shows a log made in beds 
of salt, which has a reciprocal ve- 
locity of about 67 ysec/ft, and of 
anhydrite, with a reciprocal velocity 
of around 52 psec/ft. The nominal 
hole size is 8 in. The salt beds are 
washed out to approximately 16 to 
18 in. The effect of the caves can 
thus be seen on the sonic curve as 
sharp excursions towards increased 
and decreased transit times respec- 
tively at the tops and bottoms of the 
salt beds (cross-hatched spikes). 


EFFECT OF SHALE 
ALTERATION 


It has been observed on a few 
sonic logs run through some recent 
shales, such as those found in South- 
ern Louisiana, that the 1-ft spacing 
curve shows higher transit times than 
the 3-ft spacing. This difference is 
ascribed to the presence of a zone of 
alteration adjacent to the borehole, 
due to the action of the drilling 
fluid.®* 

The sound velocity in the zone of 
alteration is lower than in the uncon- 
taminated zone. It has been shown 
that the presence of the altered zone 
increases the transit time above the 
value which would be measured in 
the case of no alteration. The relative 
increase depends on the ratio of the 
velocities in the two zones, on the 
depth of the altered zone, and on the 
distance between transmitter and re- 
ceiver. All other conditions being the 
same, shale alteration produces a 
greater relative increase in transit 
time for the 1-ft spacing than for the 
3-ft spacing. Accordingly, when dif- 
ferences in readings are observed be- 
tween the two spacings over shales, 
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the reading with the 3-ft spacing 
should be taken, as being closer to 
the true vatue. 


It should be remarked that shale 
alteratign is a rare occurrence that 
has been observed only a few times 
by the authors. Nevertheless, an in- 
strument with longer transmitter-to- 
receiver distances is available in or- 
der to take care of this defect in the 
regions where it occurs. 


BED DEFINITION — 
CORRELATION 


Table 1 shows the values of typical 
sonic velocities and the correspond- 
ing transit times for various ma- 
terials. In particular, velocity values 
for geological formations range from 
6,000 ft/sec for unconsolidated shales 
up to 24,000 ft/sec for dolomites. 
Sonic velocity therefore is an ap- 
propriate characteristic for the differ- 
entiation between various types of 
formations (shale, salt, sandstone, 
etc.). Sonic velocity, also, as will be 
explained in more detail Jater on, is 
quite sensitive to porosity variations. 
Thus, since only those formations lo- 
cated in depth between the two re- 
ceivers contribute to the measure- 
ments, sonic logging is well adapted 
for detailed and accurate bed defi- 
nition and for correlation. In _par- 


TABLE 1—VALUES OF TYPICAL SONIC VELOCITIES 
AND CORRESPONDING TRANSIT TIMES FOR 


VARIOUS MATERIALS 
oni Transit Time 


Sonic 
Velocity (ft/sec) 


Material At (usec/ft) 
Oil 4,300 232 
Water (mud) 5,000-5,300 200-189 
Neoprene 5,300 189 
Shales 6,000-16,000 167-62.5 
Rock salt 15,000 66.7 
Sandstones up to 18,000 55.6 
Anhydrite 20,000 50.0 
Carbonates 21,000-23,000 47.6-43.5 
Dolomites 24,000 42 
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ticular, the tool gives excellent cor- 
relation in evaporite sediments, where 
other logging systems do not clearly 
delineate beds of different kinds. 

Fig. 5 is an example of correlation 
of sonic logs on two wells 2,000-ft 
apart in the Fashing field of South 
Texas. The illustrated zone lies with- 
in the porous portion of the Edwards 
limestone. (The cross-hatched zone 
at the top of the section is a case of 
cycle skipping. This phenomenon will 
be further discussed later on.) 

The logs in Fig. 6 were recorded 
through regions of salt and anhydrite 
beds in four wells of Winkler County, 
Tex. This is an example of quantita- 
tive correlation, based not only on 
the similarity of the shapes of the 
curves, but also on the identity of 
transit time values read at the levels 
of salt and anhydrite beds respec- 
tively. 

In formations other than evapor- 
ite, the correlation of sonic logs 
with the other logs is excellent. Fig. 
7 illustrates the correlation between 
sonic log and neutron log, and 
Fig. 8 the correlation between sonic 
log and amplified 16-in. normal 
curve. The sonic log, in general, 
gives better detail; with the 1-ft 
spacing its vertical resolution is com- 
parable to that of a MicroLog or 
MicroLaterolog. 


One feature of interest is the abil- 
ity of the sonic log to define coal or 
lignite beds, which exhibit compara- 
tively low velocities or high transit 
times (90 to 150 pusec/ft have been 
observed, but mostly exceeding 125 
psec/ft). Fig. 9, as an example: 
shows the detection of some coal 
beds in a well of Wyoming. 

Another feature is the help offered 
by sonic logging for structural 
studies, based on the variation of ve- 
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locity for shales. This approach is 
applicable mostly in young uncon- 
solidated shales, whose velocities vary 
appreciably with depth. A plot of 
the transit times in this kind ot 
shales, vs depth, can provide valuable 
information for the subsurface ge- 
ologist. 

Fig. 10 shows such plots in two 
wells in quite different fields. The av- 
erage transit times are plotted, and 
maximum and minimum values are 
shown by vertical lines through the 
average points. The dashed line 
shows the normal trend for uncom- 
plicated geology. The solid line plot 
shows the complex pattern for a well 
on a piercement dome. Several dis- 
continuities are seen. At 6,000 ft 
the dipmeter showed a dip reversal. 
indicating a fault. Between 3,000 and 
3,400 ft the hole drift changed, both 
in this well and in its offset. Since 
no dipmeter is available in this up- 
per interval, we do not know for 
sure the reason for this break in the 
trend. 


INTERPRETATION IN TERMS 
OF POROSITY — GENERAL 
PRINCIPLES 


For formations which are com- 
pacted and which have rather uni- 
form intergranular porosity, Wyllie, 
et al, proposed the following rela- 
tion, 


1 
Vice 


(1) 

where V;,. is the sonic velocity (ft/ 

sec) read from the log; V,iquia is the 

sonic velocity (ft/sec) in the inter- 

stitial liquid; Vinatrix is the sonic ve- 

locity (ft/sec) in the material con- 

stituting the matrix of the rock: and 

¢ is the fractional porosity. 

Hence, 


(2) 
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Where the Ar’s are the respective 
transit times (ysec/ft) of the sound 
energy in the indicated quantities. 

Fig. 11 shows the graphical solu- 
tions of Eq. 2 for sandstones (V,, = 
18,000 ft/sec) and carbonates (two 
21.000 and V,, 23,- 
000 ft/sec). The V;;,u:4 for this chart 
was taken as 5,300 ft/sec (At = 189 
psec/ft). 

In most cases the At values entered 
into the chart are averages of the 
readings over a given formation or 
fraction of a formation, thus they 
yield average porosity values. Taking 
the average transit time is often quite 
difficult because the sonic log ex- 
hibits extremely fast and sharp wig- 
gles. This difficulty is easily solved 
by means of the integrator, which is 
now becoming available with the 
most recent instruments. (Inciden- 
tally, the integrator provides an easy 
way to compute porosity-feet, a fun- 
damental quantity in the evaluation 
of reserves and similar problems.) 

For a clear discussion of sonic 
log interpretation, it is convenient 
to classify formations as (1) lime- 
stones and sandstones, (2) compac- 
ted sands, and (3) unconsolidated 
formations. 

Although there cannot be any 
sharp delineation between groups, the 
sandstones in Group 1 can be de- 
fined as corresponding to less than 
15 per cent porosity, the compacted 
sand to porosities ranging between 
15 and 25 per cent, and the uncon- 
solidated formations to porosities 
above 25 per cent. 

In limestones and sandstones, in- 
vasion is generally deep enough so 
that the sonic wave travels within 
the invaded zone—mostly saturated 
with water, even in petroliferous beds. 
Consequently, it seems that the sonic 
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porosity calibration in these forma- 
tions is the same, whether or not the 
beds contain water, oil, or gas. Fur- 
thermore, no correction for shaliness 
seems necessary, probably due to 
the fact that in these formations the 
interstitial shales are dense and have 
sonic velocities comparable with 
those in the limestones and sand- 
stones. In these formations porosity 
can be derived from the logs through 
Eq. 2 or by means of the chart of 
Bre, 

In compacted sands corrections 
may be necessary in case of shaliness 
and for fluid content, if invasion is 
shallow. In unconsolidated sands cor- 
rections are required for degree of 
compaction in addition to shaliness 
and fluid content. 

Empirical formulas, developed to 
correct for the above effects, are 
tentatively presented in the text to 
follow. 

In unconsolidated formations, fur- 
thermore, the sonic log can be of 
considerable value in helping to dis- 
tinguish between types of fluids con- 
tained in the pores. 

Before discussing interpretation 
further, the phenomenon of skipped 
cycles will be considered. 


SKIPPED CYCLES 


The two receivers in the sonic 
sonde should be triggered by the first 
arrival of the sound energy. In prac- 
tice, the first arrival may sometimes 
be too weak to trigger the receivers, 
and they may be triggered by a sub- 
sequent one. This is immaterial pro- 
vided the same arrival triggers both 
receivers. 

However, it may happen that the 
receiver nearer the transmitter will 
trigger on an energy arrival which, 
by the time it reaches the farther re- 
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ceiver, will have been so attenuated 
by the intervening formations that it 
is not able to trigger that one. The 
second receiver can, and usually will, 
be triggered by a subsequent energy 
arrival at some definite time after 
the passage of the wave which trig- 
gered the first receiver. This is the 
phenomenon of “skipped cycles”. 
Such skipped cycles can be detected 
in most cases; very sharp deflections 
towards increasing values of At will 
be seen on the log. 

Also, it is possible that the log 
recorded with the 1-ft spacing is 
normal whereas that recorded with 
the 3-ft spacing shows many skipped 
cycles. This is due to the fact that 
the attenuation, over a 3-ft interval, 
is larger than over 1 ft. 

It is frequently possible to obtain 
the correct transit times at the levels 
where cycles are skipped, by a care- 
ful inspection of the log. The trend 
of the log above and below the 
skipped cycle interval may be in- 
terpolated. This can be checked by 
noting that increases in Ar for the 
1-ft spacing should occur in multiples 
of 33 psec/ft; and for the 3-ft 
spacing, in multiples of 11 psec/ft. 


109 


| | = 

| 

| 

(oe 


CHANGE IN 


SHALE TRANSIT -TIMES VERSUS 


DEPTH, FOR TWO WELLS 


HOLE DRIFT 


PIERCEMENT DOME 
WELL 


BlShales) B 


FAULT 


NY 
of rt 
120 / — 
UNCOMPLICATED 
STRUCTURE 
WELL 

100 + 

20/00 3000 4000 5000 6000 TOWO 


Fig. 10—Piots or SuHaLte Transit Time (Orpinates) vs DeptH In (As- 
SCISSAS) FOR A WELL witH UNcompLicaTep Structurt (DasHep Curve) AND 
One witH ComMPLex StrucTURE (SoLip Curve). 


POROSITY VS SONIC TRANSIT TIME 
co | 
> 
4° 
a 
20 
C2 
AG, 
0 SONIC TRANSIT TIME in micro sec. per ft. 
40 60 80 100 120 140 


Fic. 11—Porosity vs Transit TIME FOR 


CARBONATES AND SANDSTONES. 
DELAWARE SANDSTONE 


_- GAMMA RAY SONIC LOG — I' SPACING 
190 90] 70 {50 
2 
— ~. 
= 
SSsssse 
= 
= 4 
4 
G 
14893) TO. 24/20 16 12 
POROSITY 
PERM. MO. 


Fic. 12—Comparison OF Sonic Loc witH 

Core PorositIES IN A SANDSTONE SEC- 

tion (V,, = 18,000 Fr/sec). 
ELECTRICAL LOG 


RESISTIVITY 
20 


SONIC LOG 
SEG/FT. 


CHALKY] 
MARLY | 
Ls 


30 20 10 
CORE ANALYSIS POROSITY 
Fic. 13 Examp_e OF CORRELATION OF 
Sonic Loc Core Porosities 
(V,, = 23,000 rr/sec). 


In addition, skipped cycles indi- 
cate zones of relatively great atten- 
uation, and such zones can be of 
great interest, as will be seen later. 


LIMESTONES AND 
SANDSTONES 


Figs. 7, 12 and 13 show some of 
the correlations obtainable between 
the sonic and core analysis porosi- 
ties. 

Fig. 14 shows that the sonic log 
may be superior to the neutron log 
in some cases. (The porosity scales 
printed above and below the logs 
are those obtained from the inter- 
pretation charts for the two devices; 
hence the neutron porosity scale is 
logarithmic, the sonic scale is linear.) 
The correlation between sonic log 
and core porosities is excellent over 
the total interval, whereas the neu- 
tron porosities are appreciably too 
high above 2,900 ft and below 2,950 
ft. These intervals are dolomitic; it 
has been frequently observed that 
the neutron log has a tendency to 
give fewer cps, hence to show higher 
apparent porosities in dolomites than 
it does in limestones for equal values 
of true porosity. For the sonic log 
there is no similar effect because the 
matrix velocities in limestones and 
in dolomites are practically equal. 

For the same reason, the presence 
of gypsum does not affect the sonic 
log, whereas it gives rise to too high 
apparent porosities from the neutron 
log. 

One interesting point of sonic log- 
ging in hard formations is the occur- 
rence of skipped cycles at the level 
of an interval containing vugular 
porosity and/or fractures. 
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This correlation has been noticed 
in sections of the Edwards limestone 
and the Ellenburger which are broken 
by more or less horizontal fissuring. 
Such skipping is supposed to be due 
to attenuation of the sonic energy 
as it crosses a fissure. For a given set 
of conditions, more skipped cycles 
will be seen on the 3-ft spacing log 
than on the 1-ft spacing log. 

Fig. 15a (left) shows the 1-ft 
spacing sonic log over a zone of 
deep Edwards limestone in South 
Texas. The section just above 10,070 
ft (casing shoe), was badly faulted 
and cores therein showed many frac- 
tures. It is not unreasonable to sup- 
pose that the limestone just a few 
(S50 to 100) feet below this faulted 
zone also contains many fractures, 
although we cannot prove this. 

Fig. 15b (center) shows the log 
run with the 3-ft spacing. Note the 
skipped cycles at 10,090 and 10,150 
ft, whereas no skipped cycles were 
apparent with the 1-ft spacing. 

Fig. 15c (right) shows a 3-ft 
spacing in which the phenomenon of 
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cycle skipping is accentuated on pur- 
pose; actually, in Fig. 15c more 
skipped cycles are observed down to 
10,165 ft, and even an interval from 
10,295 to 10,305 ft shows skipped 
cycles which did not exist on Fig. 
15b. 

The skipped cycles evident in Fig. 
15 are rather surely due to fissures 
in the Edwards limestone. Some other 
examples of attenuation due to fis- 
sures have been observed (see Fig. 
5, cross-hatched area), but field ex- 
perience in this respect is still lim- 
ited. 

It should be understood that the 
accentuation of skipped cycles can 
be done only within a limited range 
for a specific instrument. With the 
present equipment it is impossible 
to induce skipping at the level of 
most formations. Conversely there 
ar? some cases of large attenuation 
where skipped cycles cannot be pre- 
vented. One of these cases is the 
presence of fractured zones. The lo- 
cation of fractures is a very impor- 
tant problem, and any help in this 
respect is valuable, even at the cost 
of losing the information on the for- 
mation velocity. 


COMPACTED SANDS 


Compacted sands are found when 
the adjoining shales have sonic ve- 
locities of 10,000 ft/sec or more, cor- 
responding to transit times of 100 
psec/ft or less. They may be found 
at great depths in the Gulf Coast 
and at shallower depths in the Mid- 
Continent. For such clean, water- 
bearing sands, the porosity obtained 
from Fig. 11, using the sandstone 
line, is generally quite accurate. Fig. 
16 shows an example of correlation 
with core porosities in the deep Wil- 
cox of the Texas Gulf Coast. 

For compacted sands which con- 
tain appreciable amounts of shale, oil 
or gas, corrections appear to be 
necessary. 


CORRECTION FOR SHALINESS 

The effect of shale in a compacted 
sand will be to decrease the sonic ve- 
locity (increase transit time) through 
the sand. Thus, the porosity (@.) ob- 
tained from the sonic log by appli- 
cation of the sandstone line of Fig. 
11, will be larger than the actual ef- 
fective porosity of the sand. 

Since shaliness directly affects the 
SP curve, the following empirical re- 
lation is suggested. 


be = (3) 


where ¢, is the average effective 
porosity of the shaly sand (per cent); 
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@. is the porosity derived from the 
sonic transit time using the “sand- 
stone” line of Fig. 11 (per cent); and 
a = PSP/SSP (ratio of Pseudo-Static 

The application of Eq. 3 to some 
field cases, still limited in number, 
has given good results. More field 
experience will show whether or not 
it may provide a suitable approxima- 
tion to porosity values when shale is 
present. 


CORRECTION FOR FLUIDS 


When invasion is very shallow, or 
absent, the formation fluids seem to 
affect the transit time. It seems quite 
reasonable to suppose that for three 
identical compacted sands, at the 
same conditions of temperature and 
pressure, filled respectively with 
water, oil and gas, the transit times 
of sound energy would increase in 
the order given. This would mean 
the sonic log would indicate spur- 
iously high porosities for the oil and 
gas sands if interpreted by Fig. 11 
which assumes water (or mud fil- 
trate) as the saturating liquid. 

In fact, a study of some field logs 
indicates that for a clean oil sand the 
porosity, ¢. from Fig. 11 should be 
multiplied by a correction factor of 
about 0.9 to 0.8, and for a clean gas 
sand a correction factor of about 
0.7 is required. Again, more experi- 
ence will be necessary further to de- 
fine these corrections. It is likely 
that they may vary according to lo- 
cal conditions. 

In shaly sands the presence of oil 
or gas will tend to reduce a, and so 
Eq. 3 will tend to correct for both 
shaliness and hydrocarbon saturation. 
In fact, it does not appear that the 
correction for shale and for fluids 
can be compounded. In gas sands it 
seems preferable to use the fluid fac- 
tor rather than the a@ correction. 

Usually, which sand contains oil 
or gas is not known at the time of 
logging, and corrections for fluids 
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can only be made afterwards. This 
is not a serious disadvantage, how- 
ever, because clean oil or gas sands 
will appear more porous than they 
actually are to the sonic log. Conse- 
quently, a smaller formation factor 
will be ascribed to them, and the 
computed water saturation will be a 
little too small. 

Fig. 17 shows the induction-elec- 
trical log and sonic log over por- 
tions of a well in Kleberg County, 
Tex. The sands investigated are A 
(clean water sand), B (shaly oil 
sand) and C (shaly gas sand). Using 
the shale corrections previously men- 
tioned for sands B and C, porosities 
have been computed from the sonic 
log and compared with porosities 
obtained from the MicroLog (not 
shown) using the shaly sand method 
(Table 2). 

Another example of compacted 
sand formations is illustrated in Fig. 
18. The set of logs, consisting of 
electrical log, MicroLog and sonic 
log, is from the Frio formation in 
Starr County, Tex. Here again, no 
core data is available and the inter- 
pretation of the sonic log is com- 
pared with that of the MicroLog 
(Table 3). 


UNCONSOLIDATED SANDS 


Sands may be considered as un- 
consolidated when the average tran- 
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sit time of the adjacent shales ex- 
ceeds about 100 wpsec/ft (velocity 
less than 10,000 ft/sec). Compaction 
plays an important role in sand and 
shale velocities. As the compaction 
due to the overburden decreases, 
sonic velocity in these formations de- 
creases also. 

Eq. 2 would give very large porosi- 
ties if applied to unconsolidated 
sands. For clean, unconsolidated 
water sands it has been found, from 
a study of a limited number of logs, 
that the following empirical equa- 
tion will give a good approximate 
porosity value. 


where 100 is the transit time in 
psec/ft for compacted shales; Af,, is 
the average transit time from the 
sonic log of the shales adjoining the 
sand in question; and c is a variable 
coefficient for shale compaction. 

The value of c will vary from 0.8 
to 1.2 depending upon the geogra- 
phical location of the shale. In the 
Coastal Miocene, c reaches a maxi- 
mum of about 1.2 and decreases in- 
iand. For very shallow shales in the 
Gulf Coast, c may exceed 1.2. 

The value c can be determined in 
a given region by comparison with 
the electrical log at the level of a 
sand which is obviously water bear- 
ing. This value can then be used in 
other sands where it is difficult to 
know the saturation a priori. The 
procedure will be explained in an 
example. 

Fig. 8 shows the induction-elec- 
trical log and 3-ft and 1-ft sonic logs 
on a portion of a well in Nueces 
County, Tex. The velocities in the 
shales are low (At much over 100 
psec/ft). Therefore, the water sand 
(4,114 ft to 4,124 ft) must be con- 
sidered as unconsolidated. 

In this water sand the formation 
factor can be computed from the in- 
duction-electrical log. From the SP, 
R, is found to be 0.087, and from 
the conductivity curve (not shown) 
R, is 1.03. Thus, F = 1.03/0.087 = 
11.8, whence «b == 25.5 per cent. 

On the 1-ft sonic log, At (shale) 
lies between 130 and 145 wusec/ft; 
the lower At values, corresponding 
to higher resistivities are really sandy 
shales. The average value of Af,, may 
be taken as 137psec/ft. 

For the sand, At averages 104, and 
from the sandstone line of Fig. 11 
o. is 37.5 per cent. Substituting 
these values in Eq. 4 and solving for 
c results in 


Additional corrections for shali- 
ness and for the presence of hydro- 
carbons may be made as required by 
using the methods discussed in the 
previous section. 

It would seem that obtaining cor- 
rect porosity values from the sonic 
log in soft formations is a rather 
uncertain procedure because of the 
large and somewhat uncertain cor- 
rections to be made. However, in 
such formations the porosity is gen- 
erally about 30 per cent, with a cor- 
responding slowly-varying formation 
factor of around 10; an exact know!I- 
edge of the porosity is not necessary 
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for a reasonable interpretation of 
electrical logs in terms of saturation. 

Soft formations show many occur- 
rences of skipped cycles, particu- 
larly in clean gas sands. Fig. 19 
shows a section of a well in South 
Texas, and the skipped cycles on the 
3-ft sonic log show conspicuously 
the three gas sands. 

Fig. 20 shows the difference be- 
tween a hard streak (Well A) and a 
thin gas-bearing interval (Well B), 
both at the tops of water sands. This 
difference would not be revealed by 
the resistivity curves, whereas the 
sonic log shows a kick towards 
lower readings in the first case and 
a kick towards higher readings in 
the second case. 

In clean unconsolidated sands the 
area of contact between grains is 
very small, and practically the propa- 
gation of energy from one grain to 
another has to go across the fluid. If 
the fluid is gas the factor of trans: 
mission between rock and fluid is 
very low because of the large con- 
trast in acoustic impedances. The re- 
sult is a high scattering of energy 
which is seen as a large attenuation 
of the signal. 

If the fluid is water the scatter- 
ing is not so important because the 
impedance contrast is much less, and 
normal transit times are observed. 
The only exceptions seem to be ex- 
tremely permeable water sands and 
soft shales in the Gulf Coast, in 
which occasional skipping may take 
place at shallow depth. Such forma- 
tions may be envisioned as quick- 
sands. 

The situation with clean unconsoli- 
dated oil sands will lie somewhere 
between that of gas and of water 
sands. It has been found, accord- 
ingly, that in such oil sands skipping 
occurs in some cases, and not in 
others. 

Unconsolidated sands with an ap- 
preciable amount of interstitial shale 
seldom show skipped cycles because 
the shale acts as a cement and se- 
cures a good contact between grains. 

Fig. 21 shows a part of the induc- 
tion-electrical log and 3-ft sonic 
logs on a well in South Texas. Fluid 
contacts, well known in this field, 
are shown. The high resistivity peaks 
are due to streaks of lime. Note the 
frequent cycle skipping in the zone 
marked E. 

To obtain porosity from the sonic 
log in the clean, unconsolidated 
sand, we must first correct for the 
degree of compaction, using Eq. 4, 
and then for the fluid saturation. 


From a study of the entire log 
the value of At,, was found to be 


PETROLEUM TRANSACTIONS, AIME 


100 
= > ——— 
Vi 
| = 
= 
| = 
} | | S 
| 
\ 
| he = 
A >) 
J | } 
iret 
> 
{ [= 
3 
(100) (37.5) a 
112 


40° 
INDUCTION | 


SF 4) SONIC LOG | 
16" NORMAL 20) 148 128 88 68 | 
i 

| | 
i 
| 

| | 

| | 


oblique lines, each of which corres- 
ponds to some value of S,,. The po- 
rosity is obtained by prolonging the 
vertical line of absicissa Ar up to its 


tained on the upper line must be cor- 
rected for shaliness, however. 

For shaly water sands, the point 
will not fall on the 100 per cent 


| k aaa 48 crossing with the porosity scale. water line because the compensation 

| The same procedure can be ap- of error, mentioned earlier, does not 
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120 psec/ft, and factor c was 1.2. 


Porosities were obtained as shown in 
Table 4. 


The interval C is certainly shaly, 
as reflected by lower resistivity and 
SP, and for this interval the water 
saturation is higher and the perm- 
eability lower. As previously men- 
tioned, skipping is not expected in a 
shaly sand. Since Interval C is gas 
bearing, the fluid factor (0.7) is used 


plied in case of compacted sands. If 
the formation is clean and non-in- 
vaded, the porosity value given by 
the chart, as already mentioned, may 
be somewhat too high, because of 
the effect of fluid content—and S,, 
accordingly will be on the low side. 
If the formation is shaly some com- 
pensation of error occurs when using 
Eq. 5; on one hand the porosity 
given by the sonic log is too high 
and the corresponding formation fac- 
tor is too low—on the other hand, 
the value of R, is too low. The cor- 
rection, therefore, can be neglected 
in practice, insofar as saturation 
value is concerned. The porosity ob- 


take place. 

It is furthermore possible to ex- 
tend the procedure to the case of un- 
consolidated sands, incorporating the 
correction for compaction. 


COMPARISON OF MICcROLOG 
AND SONIC LoG 


In some cases R, and/or R,, can- 
not be obtained. This may be true 
in regions where fresh connate waters 
are common or when the true resis- 
tivity is in doubt because the beds 
are too thin and/or broken by hard 
streaks, etc. 


In this case the comparison of the 
apparent porosities given by the 


15 
to compute the porosity from the ay 
sonic log rather than the correction Ret 
for shaliness. Rw 
In this example the gas/oil and / 
oil/water contacts are well known, AA 20 
and check nicely with the sonic log. 
Sw in % 
APPLICATION TO SATURATION 20 | 3 25 
DETERMINATION 
The application of the sonic log 30 
to saturation studies, in combina- UE 
tion with the electrical log, is straight- 98 
forward in limestones and sandstones. led 
In these formations the sonic log 3 
provides a value of porosity through VA 
the chart of Fig. 11 without need for a 7 V4 oat 2 
correction. From this value of po- > y, y, 
rosity a value of the formation fac- VE 60 
tor, F, is derived. Assuming now that a i a 
the formation water, R,,, is known WA 
from direct measurements or is de- 
rived from the SP curve, and that the 100 
true formation resistivity, R;, can be VA We 
obtained from the resistivity curves, JA a os 
the water saturation will be given Wa 7 we iS 150 
through the usual formula, WES 
So = ) (3) 560 
The procedure can be carried out 
conveniently by means of the chart ZZ 
of Fig. 22. The values of At and R,/ 
R, are entered respectively in ab- VILE 10 
scissas and in ordinates. The corres- ole = =e 2000 
ponding point shows the water satur- MES = 2000 
ation by interpolation between the 10000 
Vn = 23,000 ~ 
TABLE 4 — POROSITY DETERMINATION 
70 75 80 8s 
123-1 09 320 ay Vm 
D 140 64 07 31 Fic. 22—Cuarr ror DETERMINING SATURATION FROM SONIC AND Resistivity Logs. 
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sonic log (corrected for lack of 
compaction only) and the MicroLog 
may give qualitative indications on 
saturation. The sonic log when af- 
fected by hydrocarbon saturation 
gives too high porosities. On the con- 
trary, the MicroLog tends to give 
apparent porosities too low in oil or 
gas sands. Consequently, the porosi- 
ty, deduced by the sonic log should 
be larger in oil and gas sands than 
the apparent porosity given by the 
MicroLog. 

In this procedure no attempt 
should be made to correct the read- 
ings of either log for the effect of 
shaliness or for the presence of hy- 
drocarbons. Such study should be re- 
stricted to regions where the Micro- 
Log gives reasonably accurate values 
of porosity: i.e., to sands with high 
enough porosities. 

Fig. 23 shows such a plot of the 
values of the ratios of apparent po- 
rosities from sonic log and Micro- 
Log, computed for several wells in 
the Gulf Coast, vs saturation. The 
very clear trend of increasing ¢., 
(sonic)/¢, (MicroLog) values with 
decreasing water saturation is due to 
the fact that apparent porosity de- 
rived from the MicroLog, uncorrec- 
ted for residual oil saturation, de- 
creases as the water saturation de- 
creases. The plotted points corres- 
pond to a broad range of conditions 
of shaliness and of R,,,/R,, values. 
Experience has shown, however, that 
for shaly sands the correlation holds 
for low values of R,,/R, only, the 
upper limit being around five. 

The same study could be done 
with the sonic log and the Micro- 
Laterolog. In gas sands the compari- 
son between the sonic and the neu- 
tron can yield the same conclusions. 


GEOPHYSICAL USES 


The sonic log has important ap- 
plication in the ficld of geophysics. 
The knowledge of sound velocity in 
formations is fundamental for the 
interpretation of seismic surveys. 
Heretofore, it has been necessary to 
planimeter the area under the sonic 
log by hand in order to obtain an 
integrated travel time. As already 
mentioned, a panel has been recently 
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developed which automatically inte- 
grates the travel times and records 
“pips” on the film, 1 millisecond 
apart. It has been found that the 
travel-time values given by this in- 
tegrator are in very good agreement 
with check shots made with standard 
geophones over long intervals. The 
integrators are now being introduced 
in the field. 

Furthermore, arrangements have 
been made to carry out such opera- 
tions as Casing tie-in shots and down- 
hole geophone check shots. Continu- 
ous records of integrated travel time 
from surface to total depth and a 
verification of sonic log values will 
be thus made available. 


CONCLUSION 


The sonic log is an excellent tool 
for the determination of porosity in 
hard and intermediate formations, 
such as limestones, sandstones, and 
compacted sands. 

Field experience, although still lim- 
ited seems to indicate that, in these 
formations, the sonic log can detect 
vugular zones and horizontal fissures 
if their size is sufficient to attenuate 
the signal enough for the production 
of skipped cycles. 

In unconsolidated formations, the 
sonic log can be used as an ap- 
proach to porosity values by applying 
correction factors for degree of com- 
paction, shaliness and fluid content. 
These corrections, based on a lim- 
ited field experience, are still approx- 
imate. 

In unconsolidated formations, the 
sonic log is also useful for strati- 
graphic studies, based on the degree 


of shale compaction, and for differ- 
entiation between gas-, oil- and water- 
bearing zones. 

In all types of formations the 
sonic log can be used for accurate 
and detailed correlation, and for ge- 
ophysical studies. 
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Transient Heat Conduction During Radial Movement of a 
Cylindrical Heat Source — Applications to the Thermal 
Recovery Process 


H. J. RAMEY, JR. 
MEMBER AIME 


A general solution is presented for the transient 
temperature distribution caused by radial movement of 
a cylindrical heat source through a homogeneous 
medium of infinite extent. This problem represents a 
highly simplified model of the movement of a combus- 
tion front during the thermal recovery of oil. Numerical 
solutions are presented for a heat source moving at a 
constant velocity, and a velocity inversely proportional 
to the radial location of the heat source. Numerical 
solutions are presented for both finite and infinite ver- 
tical thickness of the heat source, i.e., with and without 
vertical heat losses. 


The numerical solutions are used to estimate the fuel 
concentration needed to maintain a combustion front 
during the thermal recovery of oil. The sensible heat 
carried to the combustion front by the injected gas 
stream is discussed in regard to the fuel concentration. 
Numerical solutions for a heat source (combustion front) 
of finite vertical thickness indicate the field conditions 
that may be necessary to sustain the temperature of a 
combustion front above the ignition temperature of the 
fuel over considerable distances from an injection well. 
The results also have implications in regard to the 
quantity of heat required during ignition. 

The results of this computation apply to a highly 
idealized model of a thermal recovery process. But the 
results may be used as a guide in engineering considera- 
tion of the thermal recovery process. 


OD U GT LON 


The thermal recovery of crude oil has received con- 
siderable attention since the publication by Kuhn and 
Koch’ of laboratory and field tests of this method of oil 
recovery. Other publications”**”" since that time have 
dealt with various features of the thermal recovery of 
oil and have illustrated the extremely complex nature 
of this process. Vogel and Krueger’ described an electric 
analog computer designed to solve a moving heat source 
problem which was analogous to movement of a com- 
bustion front during the thermal recovery of oil. The 
heat source was maintained at constant temperature 
and was a cylindrical source of infinite height (no 


Original manuscript received in Society of Petroleum Engineers 
office July 2, 1958. Revised manuscript received March 6, 1959. 
Paper presented at 33rd Annual Fall Meeting of Society of Petro- 
leum Engineers in Houston, Tex., Oct. 5-8, 1958. 
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vertical heat loss) moving radially at either constant 
velocity, or at a velocity inversely proportional to the 
radial location of the heat source. Jenkins and Ramey* 
presented analytical solutions to a similar heat conduc- 
tion problem and pointed out the possible importance of 
vertical heat losses. The following presents a general 
solution to the transient heat conduction problem intro- 
duced by Jenkins and Ramey® as well as numerical 
solutions for a wide range of conditions possibly sim- 
ilar to those that might exist during field operation of 
the analogous thermal recovery process. 


DESCRIPTION OF PROBLEM 


The problem considered in this paper is determina- 
tion of transient temperature distribution caused by a 
cylindrical heat source of infinite or finite vertical 
height, moving radially through an isotropic medium 
of infinite extent. It is further assumed that the heat 
flux generated at the surface of the moving heat source 
may be a function of time such that the fuel concen- 
tration required may be constant, or permitted to vary, 
and that heat is generated at the surface of the heat 
source only. In regard to the thermal recovery of oil 
the assumption that heat is generated at the surface of 
the front is equivalent to assuming that the thickness 
of the combustion zone is infinitely small, or that the 
reaction rate between fuel and oxidant gas is infinite. 
The last assumption does not appear stringent. See lab- 
oratory information published by Martin, et al.’ Under 
these assumptions the temperature distribution through- 
out an infinite medium caused by a heat source moving 
radially with an arbitrary velocity may be described by 

t 


where the velocity of the heat source is 
or, 
f(t) (2) 


The heat generation function or heat flux at the sur- 
face of the source, (ft), is 
Note that the fuel concentration may be defined as a 
function of time. Eq. 1 is derived in the Appendix. 
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[he maximum temperature rise possible at the heat 
source would be that resulting if no heat were lost by 
conduction. The adiabatic temperature rise may be ex- 
pressed by 
_ AAW (4) 
pce pc 
Dividing Eq. 1 by Eq. 4 yields a dimensionless tem- 
perature rise ratio which expresses temperature rise as 
a fraction of the adiabatic temperature rise. 


T, = 


HEAT SOURCE OF INFINITE VERTICAL 
HEIGHT 


If the heat source extends infinitely in the vertical, 
or z direction, there will be no vertical heat loss and 
temperature will vary with time and radial location. The 
sum of error functions in the integrand of Eq. 1 be- 
comes a constant equal to two. (The error function of 
an infinite argument is unity.) 


CONSTANT VELOCITY SOURCE 

The assumption that the heat source moves radially 
with a constant velocity implies that the injected gas 
flux at the combustion front would also be constant for 
the analogous thermal recovery process, provided the 
product of the fuel concentration and gas-fuel ratio 
remain constant. It would be necessary to increase the 
gas injection rate proportional to the radial location of 
the front to maintain a constant gas flux at the front (see 
Eq. 38 in the Appendix). If the heat source moves with 
a constant velocity from the z axis at time zero, Eq. 
2 indicates 

and 

Eqs. 4, 5 and 6 may be eens into Eq. 1 and 
numerical integration performed to provide the tem- 
perature at radial locations at, and ahead of the heat 
source, for a variety of heat source locations. Fig. 1 
presents solutions for the temperature at the heat source. 
The temperature rise ratio at the source is plotted against 
the dimensionless radial location of the heat source, 
(vr;/a). Note that both velocity and thermal diffusivity 
would be a constant for a particular case. Electric analog 
solutions for a constant temperature heat source pre- 
sented by Vogel and Krueger’ are also plotted in Fig. 1. 

Fig. 2 presents solutions for the temperature distribu- 
tion ahead of the heat source. The temperature rise 
ahead of the source is plotted as a fraction of the tem- 
perature rise at the source, as a function of both the 
dimensionless radial location of the source (vr,/a) and 
of the point (r/r,). Again, the solutions presented by 
Vogel and Krueger’ for a constant temperature heat 
source are also shown. 


CONSTANT FUEL CONSTANT _HEAT 
CONCENTRATION LEE FLUX AT SOURCE 


CONSTANT 
VELOCITY 


VELOCITY INVERSELY PROPORTIONAL 
TO RADIAL LOCATION OF SOURCE 


DATA FROM VOGEL AND 

KREUGER’ FOR CONSTANT 
TEMPERATURE, CONSTANT 

VELOCITY HEAT SOURCE-__ 


FOR CONSTANT VELOCITY SOURCE: 
FOR V = U/ AeU 


0.2 | 10 100 1000 


Fic. 1—Temprrature Rise Ratio at a Movinc 
CyzinpricaL Heat Source or Inrinire Hercur. 
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DATA FROM VOGEL AND 
KREUGER7? FOR CONSTANT 
TEMPERATURE, CONSTANT 
VELOCITY HEAT SOURCE—-— 


INFINITE HEIGHT 


DIMENSIONLESS HEAT 
SOURCE LOCATION 


0.00) 22 


DIMENSIONLESS RADIAL LOCATION 
AHEAD OF HEAT SOURCE, (F = Ir/If ) 


Fic. 2—TreMPERATURE Rise RaTIo aT RADIAL 

Locations AHEAD OF A CYLINDRICAL HEAT SOURCE 

or InriniteE Movine at CONSTANT 
VELOCITY. 


SourcE MovING WITH VELOCITY INVERSELY 
PROPORTIONAL TO RADIAL LOCATION 


The assumption that the front moves with a velocity 
inversely proportional to the radial front location im- 
plies that the injected gas flux is inversely proportional 
to the radial front location for a constant fuel concen- 
tration and gas-fuel ratio. This would be approximately 
true if the gas injection rate were held constant. If the 
velocity of the heat source is inversely proportional to 
the radial location of the heat source, Eq. 2 indicates 

and 

=AHWU(2Ut)* . . 
Eqs. 4, 7 and 8 may be substituted in Ree 1 and so- 
lutions similar to those for the constant velocity source 
achieved. If it is assumed that the heat flux, (ft), at 
the heat source is constant, Eq. 8 indicates it is neces- 
sary that the fuel concentration be inversely propor- 
tional to the velocity of the source. Temperature solu- 
tions may be obtained for either constant or varying 
fuel concentration (see Eqs. 34 and 35 in the Appen- 
dix). 

The temperature rise ratio at the heat source for both 
cases is also presented in Fig. 1. The temperature rise 
ratio ahead of the heat source for a constant heat flux 
at the source is presented in Fig. 3. The dimensionless 
parameter (U/a) for these solutions is equivalent to 
the dimensionless group (vr;/a) for the constant velocity 
case, but does not have the same significance. The radial 
location of the heat source does not appear in the 
group (U/a). Thus, the temperature at the source would 
not vary with time or radial location for a particular 
case, because the dimensionless group (U/a) would re- 
main constant. 


HEAT SOURCE OF FINITE VERTICAL HEIGHT 


If the moving heat source has a finite and constant 
vertical height, the temperature distribution during 
progress of the source may be determined from Eq. 1 
for particular heat generation and source location-time 
relationships. Temperatures will vary in the vertical, or 
z direction, as well as radially. Solutions were made for 
temperatures in four z planes: at the center of the 
source, halfway between the center and edge of the 
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source, three-quarters of the distance between the cen- 
ter and edge, and at the edge of the source. Tempera- 
tures are symmetrical with respect to the horizontal plane 
through the center of the source, i.e., the plane z = 0. 


CONSTANT VELOCITY SOURCE 


The temperature rise ratio at a heat source of finite 
height moving with a constant velocity is presented in 
Figs. 4, 5, 6 and 7 for constant dimensionless vertical 
locations, z of 0, 0.5, 0.75 and 1. The dimensionless 
vertical location is defined to be the vertical distance 
from the z =O plane (center plane) divided by half 
the vertical height of the moving heat source. Figs. 4, 
5, 6 and 7 may be used to plot vertical temperature 
profiles at the heat source. 

The dashed lines in Figs. 4, 5, 6 and 7 represent solu- 
tions to the problem, but for any specific case it would 
be necessary that the product of the parameters A and 
B be constant. That is, 


ap = 
a ry a 


Thus, the solid lines represent the loci of answers to 
specific problems. The dashed lines are shown to per- 
mit plotting lines of constant (va/a) other than those 
shown. 


SouRCE MOVING WITH VELOCITY INVERSELY 
PROPORTIONAL TO RADIAL LOCATION 

The temperature rise ratio at a heat source of finite 
height moving with a velocity inversely proportional to 
the radial source location is presented in Fig. 8 for con- 
stant (U/a) of 10, and dimensionless vertical locations, 
z of 0, 0.5, 0.75 and 1. As mentioned for the source of 
infinite vertical dimension, both U and a would be con- 
stant for a particular case. 

It can be shown that the constant, U, is directly pro- 
portional to the gas injection rate for the thermal re- 
covery process. 

ly 
It would be necessary to present plots similar to Figs. 


4, 5, 6 and 7 to cover a practical range of gas injec- 
tion rates. It does not appear worthwhile to do so. A 
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good approximation results by using Figs. 4, 5, 6 and 
7 and the dashed lines of constant A for this case. 


DISCUSSION 


Eqs. 1, 2 and 3 are general and may be used for 
modes of heat source travel other than those illustrated. 
But the cases chosen do serve to indicate the utility of 
heat conduction calculations for engineering considera- 
tion of the thermal recovery of oil. One use for the so- 
lutions is estimation of the fuel concentration required 
for the thermal recovery process. 
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FUEL CONCENTRATION 


If the sensible heat carried to the combustion front 
by the injected gas stream is neglected, the fuel concen- 
tration may be computed from 

f(A) AH 
Fig. 9 presents solutions of Eq. 10 for the constant 
velocity source of infinite vertical height. It was as- 
sumed: (1) that the heat of combustion of the fuel was 
18,000 Btu/lb of fuel, (2) that the bulk density of the 
formation was 120 Ib/cu ft, (3) that the specific heat 
of the formation was 0.30 Btu/Ib-°F, (4) that the 
thermal diffusivity of the formation was 0.5 sq ft/day, 
(5) that the original formation temperature was 100°F, 
and (6) that the heat source was moving with a con- 
stant velocity of 0.5 ft/day. Similar solutions may be 
made for other conditions. 


Fig. 9 has several interesting features. For the con- 
ditions selected it appears that the temperature of the 
moving source would increase with radial location, but 
would be approaching a maximum and constant value 
at a radial location of 100 ft. Note also that it was as- 
sumed that the source would move regardless of source 
temperature during solution of the moving heat source 
heat conduction problem. 

Practically, a combustion front cannot move unless 
the frontal temperature is above the ignition temperature 
of the fuel. If the ignition temperature of the fuel is 
assumed to be 400°F, and the fuel concentration is 
1.5 Ib/cu ft, Fig. 9 indicates that it would be neces- 
sary to have a higher fuel concentration, or to supply 
additional heat in order to permit movement of a com- 
bustion front over the first 0.9 ft of radial distance. 

Inspection of Fig. 9 indicates that after the front had 
reached a radial location of 0.9 ft at a temperature of 
400°F, it would continue to move with a fuel concen- 
tration of 1.5 Ib/cu ft, and would reach a steady maxi- 
mum temperature of about 850°F at a radial location 
of 100 ft. The possibility of estimating the fuel con- 
centration from the maximum temperature at a com- 
bustion front is clearly indicated. But it is likely that 
the sensible heat in the injected gas would influence 
the temperature at the combustion front. 

Consideration of the effect of sensible heat in the gas 
stream moving to the combustion front may be made 
using the following equation. 

pc(T, T;) 


W= (10) 


(11) 
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Eq. 11 is derived in the Appendix. Comparison of Eqs. 
10 and 11 indicates that the effect of the sensible heat 
in the injected gas is to reduce the fuel concentration 
required for a specific temperature at the combustion 
front by a factor of 
AH 

If the heat of combustion is 18,000 Btu/lb fuel, the 
temperature rise at the front is 1,000°F, and the air- 
fuel ratio is 200 scf air/Ilb fuel; the fuel concentration 
is reduced by 18 per cent. Thus, the sensible heat in the 
injected gas is an important consideration. 


1 (12) 


VERTICAL HEAT Loss 

Intuitively, it appears reasonable that vertical heat 
loss could influence the distance it would be possible to 
move a combustion front through an oil-bearing for- 
mation. Figs. 4 through 8 may be used to investigate 
this possibility. Assume that a combustion front moves 
radially away from an injection well with a constant 
velocity of 0.5 ft/day. The fuel concentration remains 
constant at 1.5 lb/cu ft and the heat of combustion of 
the fuel is 18,000 Btu/lb. The thermal conductivity of 
the formation is 18 Btu/day-ft-°F, the specific heat is 
0.30 Btu/lb-°F and the bulk density is 120 lb/cu ft. The 
thickness of the formation is assumed to be 10 ft, and 
the initial formation temperature is 100°F. Neglecting 
sensible heat in the gas stream, find the temperature 
at the combustion front as a function of the radial lo- 
cation of the front. Assuming an ignition temperature 
of 400°F for the fuel, can a combustion front be moved 
through a formation with these conditions? 

Fig. 10 presents the temperature at the front for four 
planes through the formation as a function of the ra- 
dial location of the front. These results were achieved 
from the data of Figs. 4, 5, 6 and 7. Inspection of 
Fig. 10 indicates that after the front moves about 7 ft 
away from the injection well the frontal temperatures 
will remain above the ignition temperature of the fuel. 
Furthermore, the maximum temperature at the front, 
815°F, will closely approach the adiabatic temperature, 
850°F, despite vertical heat loss. Thus, it should be pos- 
sible to move a combustion front through a sand with 
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Front, SAMPLE PROBLEM. 


the conditions just described, provided enough heat is 
supplied during ignition to reach the operating condi- 
tions shown in Fig. 10 at a radial location of about 7 ft. 

If conditions had been selected such that the tem- 
perature at the edge of the sand (z= 1) could not 


remain above the ignition temperature of the fuel, an 
unstable state would result which would limit both the 
vertical thickness of the combustion front, and ulti- 
mately, the maximum distance a front could be moved. 
Consider the results shown in Fig. 8 for movement of 
a front at a velocity inversely proportional to the front 
location. The ignition temperature for the conditions 
stated previously would correspond to a temperature 
ratio of 0.4 in Fig. 8. The temperature at the edge plane 
of the sand (z = 1) would drop below the ignition tem- 


perature of the fuel at a front location of 30 ft (r;/a 
= 6). Furthermore, the maximum temperature at the 
center plane would drop steadily as the front moved 
and would be below the ignition temperature of the fuel 
at front locations greater than a radial location of 95 
ft (r,/a = 19). (See dashed lines in Fig. 8.) 

Obviously, the conditions selected for these two ex- 
amples may not be representative of any particular field, 
but the methods described may be used for similar es- 
timates where specific formation properties are known. 


CONCLUSIONS 


The results described in this paper for the transient 
temperatures caused by a heat source moving radially 
through an isotropic medium provide an estimate of 
factors which influence the movement of a combustion 
front during the thermal recovery of oil. The general 
solution to this heat conduction problem and the meth- 
ods described in the paper may be used to achieve an- 
swers for conditions of specific interest other than those 
presented. 

The numerical solutions presented were used to es- 
timate the fuel concentration necessary for two types of 
combustion front propagation. The calculated value of 
fuel concentration required, based on heat conduction 
for a specific frontal temperature, was reduced sig- 
nificantly by consideration of the sensible heat in the 
injected gas stream. The effect of vertical heat loss on 
the distance a combustion front may be moved was in- 
vestigated. For the conditions assumed it appears that 
it may be possible to move a combustion front over ap- 
preciable distances through even thin formations. 

It should be emphasized that the values of fuel con- 
centration and thermal properties of a formation used 
herein may not necessarily be those found in field prac- 
tice, but are offered as illustration of the utility of heat 
computations similar to those in this paper. Clearly, 
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it is desirable to consider the effect of sensible heat con- 
tained in the flowing fluids, the vertical shape of the 
burning front and the difference in thermal properties 
of the regions behind and ahead of the combustion 
front. 


NOMENCLATURE 


f(A) = dimensionless temperature rise at heat source 
of infinite thickness 


T = temperature, °F 

c = specific heat, Btu/Ib-°F 

p = density, lb/cu ft 

k = thermal conductivity, Btu/(day)-(sq ft)- 


(°F/ft) 

a = thermal diffusivity (k/pc), sq ft/day 

I, = Bessel function of the first kind of an imaginary 
argument and order zero. Refs. 10 and 11 
present tables of this function. 

e = base of natural logarithm 


x 
: 2 2 
eri — efron function, ert —— 
Va 
oO 


x,y,z = space variables, ft 

o(t) = heat flux, Btu/day-sq ft [d(t) = AHWf’(t)] 
v = velocity, ft/day [v = f’(t)] 
r = radial distance, ft 
r, = radial location of cylindrical heat source at 

timesi tt 

= dimensionless radial location, (r/r;) 

= time, days 

= dimensionless time, (t’/t) 

= velocity parameter, sq ft/day 

= dimensionless vertical coordinate, (z/a) 

= half of bed thickness (a = 14h), ft 

bed thickness, ft 

= variable of integration, days 

heat of combustion of fuel, Btu/lb 

fuel concentration, lb/cu ft 

fuel concentration corrected for effect of gas 
flow, lb/cu ft 

= dimensionless parameter, (vr;/a), (U/a) 

= angular coordinate, radians 

= dimensionless parameter, (a/r,;) 

functional relationship between heat source lo- 
cation and time f(t) =r; 

i, = injected gas rate, scf/day 

§ = injected gas or air-fuel ratio, scf/Ib fuel 

d = the differential operator 

u, = injected gas flux at the combustion front, scf/ 

day-sq ft 


~ 
l| 


wor 
| 


I 


SUBSCRIPTS 
i = initial 
m = adiabatic or maximum 
f = heat source or front 
g = air or gas 
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APPENDIX 


DERIVATION OF MOVING HEAT SOURCE 
SOLUTION 


The problem under consideration is the determina- 
tion of the transient temperature distribution caused by 
a cylindrical heat source moving radially through a me- 
dium of infinite extent. It is assumed that the medium 
is isotropic. It is further assumed that the heat flux 
generated at the surface of the moving heat source re- 
sults from oxidation of a fuel whose concentration in 
the medium may vary. The expression, 

4at 


is a solution of the differential equation of heat con- 
duction’, 

ot Ox” oy” 
+ 
Oz 


14 


Eq. 13 describes the transient temperatures in an in- 
finite solid at the point (x, y, z) caused by the instan- 
taneous release of a quantity of heat (Qpc) at time 
(t =0) at the point (x,, y,, z,;). As such, Eq. 13 de- 
scribes the interesting concept of the “instantaneous 
point source of heat”. Carslaw and Jaeger present this 
idea completely in Chapter 10 of Ref. 9, but portions of 
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their development will be repeated to lend continuity to 
this discussion. The instantaneous point source provides 
a useful means to describe the initial temperature dis- 
tribution in a solid. That is, Eq. 13 may be integrated 
with respect to the space variables to yield a particular 
initial temperature distribution. If Eq. 13 is expressed 
in cylindrical coordinates and integrated from 6, = 0, 
to 6, = 2%, the expression for an instantaneous ring 
source of radius r, in the plane z = z, is obtained as 
follows. 

(x — +77 — 2rr, cos (0 — 


ih; = 4at 
On 


Performing the integration (see integrals in Ref. 10, 
page 79), 


—[r24+ (z—zy) 7] 

Tr 

T — e fat he 
4(zat)” 


(18) 


Eq. 18 describes the temperatures at time ¢ in an in- 
finite solid at the point (r,z) caused by the instantaneous 
release of a quantity of heat (27r,Qpc) at time zero, 
along a ring of radius r, in the plane z = z,. Eq. 18 
may be further integrated with respect to z, to furnish 
the temperature distribution in a solid caused by an 
initial cylindrical distribution of instantaneous point 
sources. 


The integration may be performed as follows. Let ¢ = 


2 
(. dz; = — 2 Ver | CF 

But, 
v 

2 

de = erf (x) 

V1 
Thus, 


Eq. 22 describes the temperatures at time ¢ at the 
point (r, z) caused by an instantaneous generation of 
heat of (2 zr; p cQ) units per unit height of the cylin- 
der at time zero. Eq. 22 pertains to a cylinder of 
height 2a. 
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x ar;,O rr 
a 
7 
Aat 2at 2 Vat 


Integration of an instantaneous source with respect to 

time provides a “continuous source”, For example, Eq. 
22 could be integrated with respect to time to yield the 
temperature distribution resulting from the continuous 
generation of heat on the surface of a cylinder from 
time zero to any particular instant. Thus, the instan- 
taneous point source concept provides ready means for 
handling heat conduction problems involving a variety 
of initial temperature distributions. But, more impor- 
tant to the present problem, instantaneous sources may 
also be integrated to provide solutions for moving heat 
source problems. 

Let the heat source move away from the z axis in 
the radial direction. The radial heat source location may 
be specified as a function of time, 

Movement of the heat source may be simulated by 
superimposing the temperature effects caused by a large 
number of instantaneous heat sources which emit their 
heat in timed sequence as governed by Eq. 23. The 
quantity of heat emitted by each is independent of the 
heat emitted by any other source and may be made to 
vary in any desired fashion. Let the rate of heat gen- 
eration per unit circumference per unit of vertical height 
of the cylinder be ¢(t). In the element of time dt’ at 
time t’, [¢(t’)dt’] units of heat per unit surface area of 
the cylinder will be emitted. Or, 

g(t’) dt’ = QOpc (24) 

Eqs. 23 and 24 may be substituted in Eq. 22. Inte- 
gration with respect to time yields, 

t 
1 rf(t’) 


4a(t—t') 


ert + erf Jar (253) 


where the prime on ¢ indicates a variable of integration. 
Integration with respect to time in this fashion corres- 
ponds to summing the temperature contributions from 
an infinite number of instantaneous cylindrical sources 
each of which emitted heat at (t — t’) time units prior 
to the time of interest. Eq. 25 describes the tem- 
perature distribution throughout an infinitely extending, 
isotropic medium at any time after start of movement 
of the heat source, for a heat source moving with an 
arbitrary velocity, and generating heat at the rate of 
$(t) units per unit area of the cylindrical source. Speci- 
fication of the functional relationship between the radial 
heat source location and time, and the mode of heat 
generation determines Eqs. 23 and 24, and Eq. 25 may 
then be numerically integrated. 


T—T,=- 


HEAT GENERATION FUNCTION 
Eq. 25 is general and can be used to generate solu- 
tions for a wide variety of moving source cases. In ap- 
plication of this equation to the thermal recovery pro- 
cess, it is important to consider the significance of the 
heat generation function, $(t), defined by Eq. 24. In 
the thermal recovery process the combustion front 
moves as the injected gas stream oxidizes a hydrocarbon 
fuel from the porous sand matrix. Thus, the heat flux is 
= AHW f(t) .  . (26) 
The heat of combustion of the fuel, AH, may be con- 
sidered a constant for a particular fuel over moderate 
ranges of temperature. Thus, Eqs. 25 and 26 relate the 
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three variables: temperature at any point, velocity of 
the front and fuel concentration. Any two may be 
specified and the third determined by calculation. The 
velocity of the combustion front, v, may be specified. 
Two examples are (1) a constant velocity, and (2) 
velocity inversely proportional to the radial front loca- 
tion. The nature of the fuel concentration, W, is not ob- 
vious. 

Intuitively, it would appear that fuel concentration 
would depend upon the nature of the crude oil in place, 
the temperature and pressure distribution ahead of the 
combustion front and other factors. If the fuel concen- 
tration is assumed to remain constant it is possible to 
reach the following conclusions for the two frontal 
velocities considered in this study. Constant velocity, 


o(t) = constant=q=AHWv. .. . (27) 
Velocity inversely proportional to radial front location, 
AHWU 
p(t) q(t) (28) 


Eq. 25 may also be solved for the condition that the 
maximum temperature at the combustion front, or heat 
source, is constant. If the frontal velocity is also speci- 
fied, it would be necessary to consider fuel concentra- 
tion, W, to be a function of time, or radial location of 
the front. Another possibility is to consider the maxi- 
mum temperature at the front and the fuel concentra- 
tion constant. It would then be necessary to determine 
the frontal velocity as a function of time for this case. 


CONSTANT FUEL CONCENTRATION HEAT SOURCE 
MovING WITH CONSTANT VELOCITY 
If the heat source moves with constant velocity, Eq. 
23 becomes 
where v is the velocity of the heat source, and the heat 
source starts from the z axis at time zero. Substitution 
of Eqs. 27 and 29 in Eq. 25 yields, 
t 
vq rvt’ 
= — | ——e 4a(t-t’) I, |————~ 


ert + erf dt’. (30) 
= IAG = 


Eq. 30 may be simplified for numerical integration by 
substitution of the following: A = vr,/a; t= 
r/r;, B=a/r;; z= z/a; and T, — = (2), 
where T,, is defined as the “adiabatic” heat source tem- 
perature. The adiabatic temperature would result if no 
heat were transferred by conduction. Substitution yields, 
1 


oO 


€4(1-t) © 


A 
dt (31) 
AOL == 
CONSTANT FUEL CONCENTRATION HEAT SOURCE 
MovING WITH VELOCITY INVERSELY PROPORTIONAL 
To RapiAL LOCATION 


The functional relationship between heat source lo- 
cation and time may be found by solving the differential 


equation, 

for r, equal to zero, at time zero. The result is 


12] 


Substitution of Eqs. 28 and 33 in Eq. 25 and intro- 
duction of dimensionless groups yields, 


Arv/t A 
ih fet ~ z) + erf +z) 


A 
(34) 


where A = vr,/a = U/a. 


CowsTANT HEAT FLUX SouRCE MOVING WITH A 
VELOCITY INVERSELY PROPORTIONAL 
TO RADIAL LOCATION 

A constant heat flux at the source requires that the 
heat generation function be constant 

$(t) = constant = AHW jf’ (t) . . . (26) 

Eq. 26 indicates that the fuel concentration would have 
to be inversely proportional to the velocity of the heat 
source. Combination of Eqs. 25, 26 and 33 and intro- 
duction of dimensionless quantities yields, 


il = = 


A 


A 


NUMERICAL INTEGRATIONS 


Integration of Eqs. 31, 34 and 35 were performed 
both with desk calculator and a high-speed digital com- 
puter. The total interval of integration was broken into 
five sub-intervals. The first four sub-intervals were evalu- 
ated using a Gauss ninth-degree polynomial approxi- 
mation of the function over the sub-interval.” This sim- 
plified both hand and machine calculations. (The ma- 
chine program involved 300 steps and each solution re- 
quired 0.2 minutes.) The fifth sub-interval was solved 
analytically. This interval was from t of 0.996 to 1. Note 
that the term (1 — t) appears in the denominator of 
each term in the integrand of Eqs. 31, 34 and 35. This 
term becomes zero at the upper limit. It can be shown 
easily that the integral does exist, however.” The ex- 
ponential—Bessel function product is tabulated in Ref. 
10 and can be expressed simply for large values of the 
argument. That is, 

for large x. 


ESTIMATION OF FUEL CONCENTRATION 


One useful application of the preceding temperature 
solutions is the estimation of the fuel concentration re- 
quired during a thermal recovery operation. Eq. 4 in 
ee main text defines the adiabatic temperature rise 
to be, 


T, — T; = AHW/pc 5 ‘ (4) 
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Fig. 1 presents the temperature rise ratio at a heat 
source of infinite height as a function of the dimension- 
less parameter, A, 


Eqs. 4 and 37 may be solved for the fuel concentra- 
tion, 


If it is assumed that the fuel concentration is con- 
stant, Eq. 38 may be used to compute the temperature 
at the heat source as a function of the dimensionless 
group A. As discussed previously, solutions for condi- 
tions other than constant fuel concentration (i.e., the 
constant temperature source) may also be found. If ver- 
tical heat loss for a finite height were considered the 
temperature rise at the heat source at constant fuel 
concentration might be lower than that indicated by 
Eq. 38. This effect may be evaluated through the solu- 
tions presented in Figs. 4 through 8. 


EFFECT OF SENSIBLE HEAT IN GAS ON 
FUEL CONCENTRATION 


Although the temperature solutions were performed 
for a system involving heat conduction only, the effect 
of the sensible heat gained by the injected gas stream 
during movement from the injection well to the heat 
source, or combustion front, may be estimated as fol- 
lows. 

Clearly, there should be a direct relationship between 
the velocity of the combustion front and the oxygen 
flux at the combustion front during a thermal recovery 
operation. If the oxygen concentration in the injected 
gas is assumed constant, 

where u, is the injected gas flux at the combustion front, 
W’ is the fuel concentration adjusted for the effect of 
sensible heat in the gas stream and & is the injected gas- 
fuel ratio. (The injected gas-fuel ratio may be calculated 
from stoichiometric considerations, if the composition 
of the fuel, injected gas and product gas is known.) 

Thus, the heat flux at the combustion front due to 
the sensible heat in the injected gas stream will be 

= u,p,c,(T; — T,) = vW’8p,c,(T; — T;) . (40) 
The heat flux at the combustion front supplied by com- 
bustion of fuel will be 


The adiabatic temperature rise is 
The total heat flux at the combustion front is 
Or, 
AH + 8p,c,(T; — T.) 
Substitution of Eq. 37 in Eq. 43 yields 
polls — ) 
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Heat Conduction in Underground Combustion 
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One ot the most complicated and potentially one of 
the most promising secondary recovery methods is that 
of underground combustion. 


A number of field tests*** have been performed re- 
cently, apparently indicating that the underground com- 
bustion process is technically feasible. 

Relatively little has been published concerning lab- 
oratory or theoretical investigations of the underground 
combustion process. A few results of laboratory tube 
runs have been published*® and these data are valuable 
in understanding the process. The tube run data also 
emphasize the complexity of the thermal recovery pro- 
cess. Under various conditions, problems in heat trans- 
fer, multiphase fluid flow and combustion rates arise. 
For example, at low temperatures the combustion pro- 
cess proceeds so slowly that the front cannot be propa- 
gated. It is a problem in heat transfer to predict what 
injection rate of air is necessary to sustain combustion 
in a particular reservoir. 

Certain fluid flow aspects of underground combustion 
have been studied by Wilson, et al’. In the development 
of some of the flow equations, assumptions of adiabatic 
combustion were made. 

Vogel and Krueger’ have devised an analog model of 
the heat conduction process for a constant temperature 
cylindrical source moving radially outward in a homo- 
geneous conducting medium. Jenkins and Ramey’, in a 
discussion of the Vogel and Krueger paper, present an 
analytical solution of a heat conduction problem related 
to problems considered by Vogel and Krueger. In the 
present paper an idealized model of the heat conduction 
problem is considered, which is more general than the 
model of Vogel and Krueger or Jenkins and Ramey. 
In particular, initial well heating, vertical heat losses 
and arbitrary frontal velocities are included. 

Equations for the temperature are obtained in terms 
of integrals. These integrals have been evaluated nu- 
merically for the case of frontal movement correspond- 
ing to a constant air injection rate and the case of con- 
stant frontal velocity. These results are presented graph- 
ically. From these graphs one may estimate conditions 
under which nearly adiabatic temperatures are obtained. 
The application of these results requires some knowl- 
edge of reservoir thermal properties, combustion rates 
and residual fuel content. 

Assuming no vertical losses it is possible to obtain 
explicit evaluations of these integrals in the linear con- 
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stant velocity case and in the radial case corresponding 
to a constant air injection rate. 


PRESENTATION OF RESULTS 


The geometry of the radial system is illustrated in 
Fig. 1 where the reservoir is represented as a slab of 
thickness h. By making an energy balance for an in- 
finitesimal volume, one obtains the following equation. 


3 
Ot 
where 
AHW 
—1r,), if |z|< h/2 


= 0, if |z| >h/2. 
In Eq. 1, V* represents the Laplacian operator and 6 is 
the Dirac delta function. Eq. 1 is the well-known diff- 
sion equation with a source term and may be applied 
to a linear system. For example, if the source is moving 
in the direction of the x axis, then the argument of the 
delta function is x — x,. 

In deriving Eq. 1 the following approximations were 
made concerning the actual combustion process: (1) all 
heat transfer is by conduction in a homogeneous me- 
dium, (2) the formations bounding the reservoir have 
the same thermal properties as the reservoir, (3) the 
combustion fuel is consumed instantaneously as the 
front arrives, (4) there is a constant fuel concentration 


Fixed Line 
-~ Source 


Moving Radial 
Source 


Fic. 1—Grometry For Descripinc RapiAL CONDUCTION. 
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throughout the reservoir, and (5) the wellbore has zero 
radius. 

It should be emphasized that these are only ap- 
proximations of the actual conditions. The assumption 
of heat transfer by conduction would be reasonable at 
low air rates. This condition has been verified by Pres- 
ton® in experimental heat transfer studies. It is likely 
that air rates actually realized in the field are normally 
sufficiently low that the assumption of conduction would 
be reasonable. 

If the formations bounding the reservoir have proper- 
ties appreciably different from those of the reservoir, 
the second approximation could obviously introduce 
serious error. It is possible to estimate error limits of 
this assumption since the problem is solved for boun- 
dary conductivities of zero and infinity. 

The third approximation has the effect of reducing 
the size of the combustion zone to that of a shell. While 
real combustion zones must have a finite size, tube run 
data** do show that this zone may be small. These data 
also indicate that for a given crude and porous me- 
dium, the fuel concentration tends to remain constant. 

Assuming a zero well radius is, of course, unrealistic. 
However, it should be a sufficiently accurate approxima- 
tion at radial distances greater than 1 or 2 ft. 

Solutions of Eq. 1 give the temperature anywhere in 
the reservoir at any time. For radial systems with con- 
stant and varying front velocity, the solutions are given 
by Eqs. 12 and 13 in the Appendix. The linear case 
with constant front velocity is given by Eq. 10. 


With the exception of the two cases noted in the In- 
troduction where explicit formulas are available, Eqs. 
11 and 14, it is necessary to perform a graphical or nu- 
merical integration for each case. Because of the com- 
plicated nature of the integrals, computing even a few 
temperature profiles requires considerable time by hand 
calculation. However, the problem was programed for 
a computer and a large number of cases have been com- 
puted. With the exception of Figs. 2, 3 and 4 these 
cases represent a radial source moving at a varying 
velocity, 

where U is constant. Eq. 2 can be derived from stoich- 
iometric and geometric considerations’. As mentioned by 
Vogel and Krueger’, and shown in the Appendix, this 
case with no vertical heat loss is equivalent to a con- 
stant temperature source. 


Two factors will contribute to raising the temperature: 
(1) initial heating, prior to ignition and (2) heat energy 
liberated by combustion. The maximum contribution 
from combustion is as follows. 


Lo r/r¢ 
Bat 
0.8) PN. 
WIN NX 
N 
poo N 1.002 
\ me) | 
02) N 
10) 
Ol Ol 10 10 100 
4a 


Fic. 2—Tremperature FRACTION FROM A CONSTANT 
VELocITY SOURCE. 


pe 

This temperature rise is an upper limit since heat 
losses will always reduce this contribution. The actual 
contribution will be computed from 

where 7, — T, is the amount of temperature rise above 
ambient due to combustion. Eq. 4 defines the function 
+ which expresses fraction of the maximum combustion 
temperature rise actually realized. As a matter of con- 
venience the solutions to the problem will be given in 
terms of 7. This quantity has no dimensions and must 
have values between zero and one. The actual tempera- 
ture rise may be computed by using values of 7 in Eq. 4. 

Well heating effects are approximated as follows. A 
line source heater emitting qg kw/ft is operated in the 
reservoir for t, hours prior to ignition; at ignition the 
heat is turned off and air is injected. The symbol ¢, rep- 
resents time lapse since ignition. This heater has a 
length of h ft. Eq. 9 in the Appendix gives the tempera- 
ture rise contribution from prior heating as T, — T;. 

In general, the temperatures resulting from both com- 
bustion and well heating must be computed by using 
Eqs. 3, 4 and 9 in Eq. 5. 

For regions not close to the wellbore, 7, — T; may be 
dropped from Eq. 5 with little error. 

As mentioned before, the temperature resulting from 
combustion will be expressed in terms of the fractional 
temperature rise, 7. In general, 7 will vary with r, z and 
t, the variables in Eq. 1. Certain other quantities or 
parameters influence 7. These quantities are the con- 
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stant U, the diffusivity a and the reservoir thickness h. 
The time variable may also be expressed by the front 
position, r,, using Eq. 2. By grouping certain terms in 
the solution of Eq. 1, it is possible to reduce the vari- 
ables to four dimensionless quantities. These variables 
are: (1) the relative radial position, r/r,;; (2) the rela- 
tive height, z/h; (3) the relative front position, r,/h; 
and (4) a dimensionless injection rate, U/a. The latter 
group is denoted as 


It can be shown from stoichiometric calculations’ that 
the constant, U, in Eqs. 2 and 6 is proportional to the 
air injection rate. Thus, A is referred to as a dimension- 
less injection rate. 


The temperature function for the case of zero ver- 
tical losses, h > o, is given in Fig. 5. In this case there 
are only two factors influencing the results, A and r/r,. 
At a constant injection rate A is fixed. The curve corres- 
ponding to r/r, = 1 represents the combustion front, 
and obviously, must be the highest of the curves shown. 
In this case there is no heat loss behind the front; thus, 
all positions behind the front are at the front tem- 
perature. The other curves represent temperature func- 
tions at positions a constant factor greater than the 
front radius. 

It is possible to explain, qualitatively, why these 
curves have a maximum. At very high values of A, or 
higher injection rates, little time is required for the front 
to reach a given position, say 50 ft. Under these condi- 
tions, a moderate decrease in injection rate will give 
greater preheating ahead of the front. Considering the 
other extreme shows that for very low values of A, hori- 
zontal heat losses are quite high by the time the front 
has reached 5O ft and the temperature is low because 
of these losses. In addition, further decrease in injec- 
tion rate will further decrease the temperature. From 
this reasoning it is evident that there is one injection rate 
which will give a maximum temperature at any arbi- 
trary distance ahead of the front. 


From Fig. 5 comparisons may be made with the work 
of Vogel and Krueger. Since Vogel and Krueger ob- 
tained results from a constant velocity source it is 
necessary to cross-plot their results to check the vary- 
ing velocity case. This was done by Vogel and Krueger 
for the case of computing the fuel required to sustain 
a 1,000°F temperature rise assuming the following: (1) 
v, = 8/r, ft/day; (2) AH = 17,000 Btu/Ib of fuel; (3) 
a = 0.057 sq ft/hr; and (4) pc = 28 Btu/cu ft °F. 

A value of 2.3 lb of fuel/cu ft was obtained from 
their work. In making an estimate from this work, the 
cited data are used to compute A from Eq. 6. From 
Fig. 5 the appropriate value of 7 is 0.78. Using this 
value and Eqs. 3 and 4, one obtains a fuel content of 
2.1 lb/cu ft. This is believed to be a reasonably good 
check between the two sets of values. 
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Figs. 6, 7 and 8 give values of 7 as functions of A 
and r,/h at the combustion front for three vertical po- 
sitions. These vertical positions correspond to the center 
of the reservoir, midway between the center and the 
top, and the top of the reservoir. Because of the as- 
sumptions made in solving the equations the tempera- 
tures are symmetrical about the center reservoir plane. 
Thus, the temperature in the top of the reservoir is the 
same as that at the bottom. By cross-plotting the data 
from the three figures one may estimate vertical tem- 
perature profiles existing at the combustion front. 

All the curves in the three figures have positive slopes, 
indicating that higher temperatures are realized by in- 
creasing injection rate. As the value of A is increased 
the curves eventually tend to become horizontal. For 
practical purposes the combustion is adiabatic in the 
center of the reservoir at high values of A. 

The family of curves on each of Figs. 6, 7 and 8 
represent conditions of constant r,/h, which is the front 
position relative to the reservoir thickness. An analogous 
variable is sometimes used in fluid flow by measuring 
a pipe length in terms of its diameter. The condition 
for no vertical losses is given by the lines corresponding 
to r,/h values of zero. Such cases occur either when 
r,; is near the wellbore or when the reservoir is very 
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thick. The decreased values of 7 for all other sets of 
r,;/h values illustrates the degree to which vertical losses 
decrease the front temperature. 

Fig. 9 represents 7 as a function of A for the com- 
bustion front in the center of a reservoir bounded by 
media of infinite conductivity. Although this case has lit- 
tle direct utility it is useful in defining an upper limit to 
the effect of vertical heat loss. This infinite conductivity 
case is equivalent to stating that the top and bottom of 
the reservoir are always at their original temperature. 
The analytical solution which describes this case is 
given by Eq. 15. 

Fig. 2 presents 7 at various relative radial positions 
ahead of the front for the case of front movement at 

constant velocity. The data presented correspond to the 
case of no vertical heat losses and are plotted against 


Vy 


the dimensionless quantity, . Since this mode of 


operation would require a constantly increasing injec- 
tion rate, in a radial system, it is likely to find greatest 
application in the early stages of combustion. 

The information presented in Figs. 2, 5, 6, 7, 8 and 
9 represent solutions to Eq. 1, and of course, are sub- 
ject to the approximations listed under Eq. 1. However, 
no assumptions have been made of the reservoir physical 
properties or injection rates. The numerical work which 
was used for plotting these figures was subject to errors 
of 0.25 per cent or less. 


APPLICATIONS 


The following section illustrates how the data from 
Figs. 2, 5, 6, 7, 8 and 9 and the equations in the Ap- 
pendix may be applied. In presenting sample problems 
it is necessary to assume several reservoir properties. 
For example, a conductivity of 1.6 Btu/hr ft °F and 
diffusivity of 0.057 sq ft/hr have been used. Since 
these data are assumed arbitrarily the results apply only 
for specific cases. 

The temperatures resulting from a well heater emit- 
ting 3 kw/ft are illustrated in Fig. 3. The times of the 
heating periods vary between 20 and 1,000 hours in a 
reservoir with no vertical losses. The curves are very 
steep for small values of r and rise to an infinitely large 
value as r approaches zero. This physically unreal re- 
sult is due to the assumption of a line heater of zero 
radius. However, the results should be sufficiently ac- 
curate for finite heaters if one considers radii greater 
than a few feet. 


Next, consider that the heater just described has been 
operating for 200 hours, then turned off. Fig. 4 pre- 


sents the resulting temperatures for cooling periods of 
0, 50 and 800 hours. 
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Radial temperature profiles resulting from a combus- 
tion source moving with decreasing velocity in an in- 
finitely thick reservoir are given in Fig. 10. The value 
of U is 1.25 ft*/hr and the fuel content is sufficient to 
provide 20,000 Btu/cu ft. Fig. 10 was prepared from 
these values, Eq. 2 and the data in Fig. 5. In order to 
emphasize the temperature profiles in the vicinity of the 
front, all curves are plotted at a common origin. Ac- 
tually, in the times considered, the front would be at 
50, 158 and 1,120 ft. The lack of vertical losses is evi- 
dent from the flat temperature profile existing behind 
the front. In this case the slopes ahead of the front de- 
crease with time. This is caused by the fact that the 
frontal velocities are decreasing with time. 

Combined temperature rise contributions from both 
combustion and well heating may be obtained from 
plots similar to Figs. 4 and 10. Since the conduction 
equation is linear the total effect is simply the sum of 
each separate contribution. Thus, the values are added 
and plotted in Fig. 11 for times of 100, 300 and 800 
hours. This plot shows two regions of high temperature, 
one near the wellbore and the other behind the com- 
bustion front. If vertical heat losses were considered a 
peak temperature would exist at the combustion front. 
Such a temperature profile has some similarities to the 
work of Martin, et al‘. They observed high temperature 
zones caused by combustion and convection. Since con- 
vection has been omitted in this analysis no moving con- 
vection zone could be obtained. 


By plotting the data from Figs. 6, 7 and 8 at con- 
stant A and r,/h, it is possible to predict vertical tem- 
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perature profiles. This was done in preparing Fig. 12 
for an h of 28 ft, a U of 1.25 sq ft hr and fuel equiv- 
alent to 30,600 Btu/cu ft. Plotting a large number of 
such figures reveals that the temperature rise at the 
boundary is usually one-half that of the center and that 
the temperatures in the center are relatively constant. 

At low temperatures the rate of combustion seems to 
be very sensitive to temperature. This is suggested by 
the fact that the propagation of the combustion zone 
stops at temperatures below a given range. By assum- 
ing a minimum combustion temperature it is possible to 
define limiting values of fuel content and injection rate 
necessary to sustain the combustion zone. Fig. 13 was 
constructed for this purpose by assuming, arbitrarily, 
that a 500°F temperature rise in the reservoir center 
was necessary. The minimum values of A were taken 
from Fig. 6 and are plotted against the maximum tem- 
perature rise, 7,, — 7; for constant r,/h values, For ex- 
ample, a maximum temperature rise of 1,000°F would 
require a value of 7 = 0.5. If r,/h = 0 the minimum 
value of A is 1.2. 

In illustrating how to reduce the data in Fig. 13 to 
more useful terms a number of properties were as- 
sumed: (1) fuel of composition CH, is burned com- 
pletely to CO, and H.O by air, (2) @ = 0.057 sq ft/hr, 
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(3) k = 1.6 Btu/hr ft °F, and (4) AH = 17,000 Btu/ 
Ib fuel. 

Under these conditions the minimum injection rate 
per foot of formation is given as a function of the fuel 
content in Fig. 14. The asymptote on fuel is about 0.8 
Ib/cu ft and represents that amount necessary to give 
a SO0°F temperature rise by adiabatic combustion. The 
importance of vertical heat losses is illustrated by the 
increasing i,/h values as r,/h increases. At large values 
of W the curves tend to become flat, In this region 
most of the combustion energy is absorbed as heat 
losses. Although increasing the available fuel increases 
the energy it also increases the time required to burn 
a given distance at constant injection rate. Thus, heat 
loss dissipates the added energy and the injection rate 
necessary to maintain a 500°F temperature rise remains 
constant. 

Since the conditions of constant injection rate have 
been considered, the use of an air flux to express mini- 
mum air rates is not appropriate. However, for an h 
of 20 ft and for large radii, the air fluxes were com- 
puted from Fig. 13. These range from 1 to 3 scf air/hr 
sq ft for fuel contents of 3 and 1 Ib/cu ft, respectively. 
It may be of interest to note that these are of the same 
order of magnitude as those estimated by Martin, et al’. 

In the work presented on vertical losses it was as- 
sumed that the formations bounding the reservoir had 
the same thermal properties as the reservoir. However, 
this is frequently not the case. Fig. 15 illustrates the 
influence of boundary conductivity on front tempera- 
tures in the center of the reservoir. Three cases were 
examined. The first is for zero conductivity, or no ver- 
tical heat losses. Next is the case in which the conduc- 
tivity of the reservoir and bounding formations are iden- 
tical. Third, the boundary conductivity is infinite. These 
cases bound all results and thus define error limits im- 
posed by the assumption of equal conductivity. For ex- 
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ample, if the boundary conductivity is less than that of 
the reservoir, the correct result must be in the area de- 
fined by the upper curves. 

The information in Figs. 3, 4, 10, 11, 12, 13, 14 and 
15 has been presented only for illustrative purposes. 
Direct application of these figures to field or laboratory 
conditions should be done with caution. 


CONCEUSLONS 


The following conclusions were obtained from the 
information presented in this study. 


1. Analytical solutions of the conduction equation 
have been obtained which describe moving sources in 
linear and radial systems. These solutions, which are 
presented graphically, account for horizontal and ver- 
tical heat losses and also include prior well heating ef- 
fects. 


2. With no vertical losses, the front temperature at 
constant injection rate is constant. However, if vertical 
losses are considered, the front temperature decreases 
with time. For a fuel content of 1 lb/cu ft this rate was 
600 scf/hr ft for the following conditions: (1) no ver- 
tical losses, (2) AH = 17,000 Btu/Ib, (3) k = 1.6 Btu/ 
ft hr °F, (4) a = 0.057 sq ft/hr, (5) 500°F minimum 
allowable temperature rise, and (6) ideal combustion of 
a fuel of CH. composition. 

3. The combined effects of well heating and a moving 
combustion source result in two regions of high tempera- 
ture. One region corresponds to the combustion zone 
and the other corresponds to the zone influenced by the 
well heater. 


A = dimensionless injection rate 
c = reservoir heat capacity, Btu/lb °F 
F = a source function, Btu/hr cu ft 
h = reservoir thickness, ft 
k = thermal conductivity, Btu/hr °F ft 
q = line heater output, kw/ft 
i, = injection rate, scf/hr 
r = a radial distance, ft 
r; = combustion front position, ft 
AH = heat of combustion, Btu/lb 
T = temperature, °F 
T, = temperature resulting from combustion 
T, = temperature resulting from well heating 
T, = ambient reservoir temperature, °F 
T, = frontal temperature, °F 
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7,, = maximum temperature, °F 
t = time, hours 
t, = time since injection, hours 
t. = time of well heating, hours 
U = a constant, sq ft/hr 
v, = the front velocity, ft/hr 
x = a linear distance, ft 
W = fuel concentration, Ib/cu ft 
x, = linear combustion front position, ft 
z = vertical distance, ft 
a = thermal diffusivity, sq ft/hr 
p = bulk density, lb/cu ft 
7 = a fractional temperature rise 
X = an integration variable, hours 


REFERENCES 


1. Grant, B. F. and Szasz, S. E.: “Development of an Un- 
derground Heat Wave for Oil Recovery”, Trans. AIME 
(1954) 201, 108. 

2. Koch, R. L., Gleason, J. R., ue and Boston, W. G.: “In- 
Situ Combustion Field Tested Again”, Oil and Gas Jour. 
(Dec. 6, 1954) a3; 102. 

3. Rintoul, W. T.: “Thermal Recovery Experiments’, /PAA 
Monthly (Oct., 1956) 27, 46. 

4. Martin, W. L., Alexander, J. and Dew, J. N.: “Process 
Variables of In Situ Gee , Trans. AIME yee 
2S, 

. Kuhn, C. S. and Koch, R. L.: “In-Situ Combustion”, Oil 
and Gas Jour. (Aug. 10, 1953) 52, 92. 

6. Wilson, L. A., Wygal, R. J., Reed, D. W., Gergins, R. L. 
and Henderson, J. H.: “Fluid Dynamics During an Un- 
derground Combustion Process’, Trans. AIME (1958) 
213, 146. 

7. Vogel, L. C. and Krueger, R. F.: “An Analog Computer 
for Studying Heat Transfer during a Thermal Recovery 
Process”, Trans. AIME (1955) 204, 211. 

8. Preston, F. W.: “Mechanism of Heat Transfer in Uncon- 
solidated Porous Media at Low Flow Rates”, PhD thesis 
at The Pennsylvania State U. (June, 1957). 

9. Benham, A. L. and Poettman, F. H.: “The Thermal Re- 
covery Process—An Analysis of Laboratory Combustion 
Data”, Trans. AIME (1958) 213, 406. 

10. Magnus, W. and Oberbettinger, F.: Functions of Mathe- 
matical Physics, Chelsea Publishing Co., N. Y. (1954). 

ll. Bailey, H. R.: “Heat Conduction from’a Cylindrical Source 
with Increasing Radius”, to appear, Quart. App. Math. 

12. Jahnke, Eugene and Emde, Fritz: Tables of Functions 
with Formulae and Curves. Dover Publications Inc.. N. Y.. 
4th Ed. (1945). 


APPENDIX 


Eq. 1 can be solved either by the method of sources 
or by transform methods subject to the conditions that 
T=T, initially, A similar equation describes a fixed 
line source in an infinite medium. The details of the so- 
lutions of these equations are omitted; however, the 
final solutions are given as follows. 


For the moving plane source, 
ti 
AHWvV/a — (ww — a7) 
4k\/ 7 


where x, and v, are 
For the moving radial source, 


ti 
T, as AHW $= (7? +77) I, rr; 
4k 2ar 

oO 


where r, and v, are 
For the fixed line source turned off after f,, 
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where erf (x), erfe(x) and J,(x) are known tabulated 
functions” and 


2V ar 2Var 


For the case of no vertical losses, h > o and E = 2, 
certain special cases of Eqs. 7 and 8 are of interest. 
Plane sources moving at a constant velocity, x, = v,t, 

_ 4 
vVAHW\/a i )2/4ar 
2KN/ VX 


For the case of no vertical mee Eq. 10 can be inte- 
grated explicitly giving 


A 
HWea 
2k 
[erfe (— P — S) — e*"§ erfe (P — S)], S < 0 
_ AHWa 


where 
Radial source moving at a constant velocity, r; = vyt,, 


— [v2 + vs? (t1—d) 271 


ti 
A 
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For no vertical losses the above result has been ob- 
tained by Jenkins and Ramey’. 

Radial source corresponding to a constant injection 
Tate Wits 


UG 
anv V2 


For no vertical losses, Eq. 13 can be evaluated ex- 
plicity”, giving 


2k 
AHWU 


2k 
where Ei (— x) is the exponential integral which is 
known tabulated function”. 

Finally, the solution is given for the radial constant 
injection rate case with infinite vertical losses; e.g., the 
bounding media above and below the slice containing 
the source are kept at the ambient temperature for all 
time. The solution is 


n=1 


rV/2UXr 


(15) 


ti + te 
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0 
129 


TEP 28066 


Fosterton Field— An Unusual Problem of Bottom Water 
Coning and Volumetric Water Invasion Efficiency 
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Water coning into wells with bot- 
tom water present in the Fosterton 
field, when their oil recovery was 
only 0.1 to 1.5 per cent of oil in 
place below the lowest perforation, 
confirms lack of shale barriers to 
vertical flow which also are not ap- 
parent in cores and electric logs. Low 
contrast of vertical and horizontal 
permeability, high mobility ratio be- 
tween oil and water zone and pos- 
sible rate effects due to gravity com- 
bine to prevent easy analysis of 
water invasion pattern and efficiency 
by analogy or intuition. Theoretical 
analysis of performance including 
these factors using a new direct nu- 
merical solution of potential distribu- 
tion in a network led to unanticipated 
indications that water would under- 
run the entire oil reservoir with low 
volumetric coverage if supplied 
through natural influx or peripheral 
water injection below the oil-water 
contact. An unusual pattern of water 
injection is to be adopted in this re- 
cently unitized pool to provide more 
uniform water flooding in that two- 
thirds of the oil reservoir not under- 
lain by bottom water. 


The Fosterton field, Southwestern 


Original manuscript received in Society of 
Petroleum Engineers office July 7, 1958. Re- 
vised manuscript received March 11, 1959. 
Paper presented at 33rd Annual Fall Meeting 
of Society of Petroleum Engineers in Hous- 
ton, Tex., Oct. 5-8, 1958. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the offices of 
the Journal of Petroleum Technology. Any 
discussion offered after Dec. 31, 1959, should 
be in the form of a new paper. 
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Saskatchewan, Canada, was discov- 
ered in Jan., 1952. It produces at a 
depth of 3,100 ft from a pinch-out 
of the Roseray sand at the Lower 
Cretaceous-Jurassic unconformity. 
The field, covering 2,500 acres, con- 
tains 54 wells on 40-acre spacing. 
Development was essentially com- 
plete in June, 1954, but significant 
production did not start until May, 
1955, when a pipeline outlet became 
available. Within one year rapid in- 


SOHIO PETROLEUM CO. 
OKLAHOMA CITY, OKLA. 


creases in gas-oil ratio and early en- 
croachment of water created operat- 
ing problems in the down-structure 
eastern half of the field and raised 
serious questions about reservoir per- 
formance and ultimate recovery. This 
paper describes the unusual behavior 
of water encroachment—on both well 
and reservoir bases—and the analyses 
made to interpret it. The field was 
unitized July 1, 1958, for water 
flooding. A somewhat unconventional 
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pattern of water injection is to be 
adopted based on the study reported 
herein. 


RESERVOIR CONDITIONS 


The oil trap is a pinch-out of the 
Roseray sand at the unconformity 
between it and the overlying Blair- 
more formation. The structure dips 
south and east away from the pinch- 
out at 50 to 70 ft per mile as illus- 
trated in Fig. 1. Intersections of the 
oil-water contact with both the top 
of the sand and the base of the sand 
are shown to outline the oil region 
underlain by water. This bottom 
water has a significant effect on oil 
displacement and recovery. A small 
northwest pool is separated from the 
main pool by absence of sand due 
to erosion or non-deposition as out- 
lined by a number of dry holes and 
confirmed by reservoir pressure per- 
formance. Discussion is limited to 
the main pool. 

The principal productive sand con- 
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sists of two main members: Roseray 
I (lower) and Roseray II (middle). 
The Fosterton sand (upper), present 
in the eastern-southeastern part of 
the field had some oil shows but 
mostly it contains free gas. These 
sands are outlined in an east-west 
cross section in Fig. 2. Although the 
shale separating Roseray I sand from 
the Roseray II sand appears to be 
sealing in wells and is traceable in 
general from north to south across 
the field, pressure-production per- 
formance indicates it is probably not 
completely sealing on a reservoir ba- 
sis. It is certainly a partial barrier 
which must be considered in select- 
ing a well pattern for fluid injection. 
The net porous sand of the combined 
Roseray I and Roseray II ranges 
from 40 to 64 ft except near the 
pinch-out and averages about S1 ft 
in thickness. These are illustrated by 
the isopach map, Fig. 3. The oil- 
filled sand totals some 81,000 acre-ft. 


The Roseray is a high porosity, 
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high permeability, unconsolidated to 
loosely consolidated sand. Analyses 
of 500 core samples indicate porosity 
averaging 28 to 29 per cent and per- 
meability averaging about 1 darcy. 
Interstitial water is estimated to aver- 
age 16 per cent including the oil- 
productive portion of the transition 
zone. Both capillary pressure tests 
and electric log interpretations indi- 
cate water saturation of about 10 per 
cent at points 60 to 70 ft above the 
oil-water contact. 

Eight subsurface samples of reser- 
voir fluid and recombined samples of 
separator oil and gas had saturation 
pressures ranging from 261 to 1,320 
psi compared to 1,310-psi reservoir 
pressure initially. Gas in solution 
ranges from 30 to 165 cu ft/bbl for 
these saturation pressures. Leakage of 
gas from the Fosterton sand to the 
Roseray II sand is thought to be re- 
sponsible for the higher gas-oil ra- 
tios—it is quite likely the oil was at 
least 400-psi undersaturated initially. 
Formation volume factor was in the 
range of 1.034 to 1.074 and viscosity 
of the oil was in the range of 12.4 
to 17.3 cp at reservoir conditions. 
Gravity of the stock-tank oil at 60°F 

Combination of these data of 
structure, net sand thickness, sand 
properties and oil properties indicate 
oil in place to be about 144 million 
bbl in the Roseray I and Roseray II 
combined. About 48 million bbl, 33 
per cent of total oil in place, is un- 
derlain by water. 


RESERVOIR PERFORMANCE 


Composite performance of the 
Roseray I and Roseray II sands in 
the main pool is summarized in Fig. 
4, By March, 1958, with cumulative 
production of 5,300,000 bbl, 3.7 per 
cent oil in place, the average pres- 
sure of the Roseray Il sand had de- 
clined from 1,310 psi to about 725 
psi and the pressure of the Roseray 
I sand to 475 psi. Gas-oil ratios of 
30 wells had increased from 20 to 
200 cu ft/bbl initially to the range 
of 300 to 83,500 cu ft/bbl. (In fact 
gas-oil ratios of seven wells had in- 
creased to 300 to 5,800 cu ft/bbl 
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when cumulative production was 
only 700,000 bbl.) Twenty-three 
wells produced water ranging from 
10 to 96 per cent and 25 wells re- 
mained water-free. The production 
status of the individual wells as of 
March, 1958, is shown in Fig. 5. 
These unusually rapid changes of 
gas-oil ratio and water production 
have required the extensive reservoir 
analyses presented herein to provide 
a suitable background for judging 
the best methods of operation, 
Such high gas-oil ratios at such 
low percentage recovery are com- 
pletely discordant with laboratory 
relative permeability measurements 
on Roseray cores and with general 
experience in other sand reservoirs 
if all gas were assumed to have been 
solution gas originally. The most logi- 
cal explanation is that gas has leaked 
from the small Fosterton gas sand 
reservoir into the Roseray II sand. 
Such communication has been iden- 
tified in one well and eliminated, but 
other corrective attempts have been 
unsuccessful. Additional points of 
leakage remain unidentified. 


Oil production with its associated 
pressure decline is the composite re- 
sult of expansion of oil, water and 
rock in the Roseray sand, gas expan- 
sion in the Fosterton sand and water 
influx into the oil reservoir. Analysis 
of pressure-production performance 
by material balance methods cannot 
completely resolve contribution of 
each driving force to past produc- 
tion of oil because of many uncer- 
tain factors such as saturation pres- 
sure of the oil, actual pressure in the 
Fosterton gas sand, etc. However, 
with the reasonable assumption that 
the oil was undersaturated at least 
400 to 600 psi and using oil in place 
from volumetric measurements, such 
calculations indicate free gas in place 
initially in the Fosterton sand was 
of the order of 3 to 5 M’cf. This is 
also the magnitude indicated by lim- 
ited geologic data. 


With a 5 M’cf gas reservoir the 
calculated net free gas invasion into 
the Roseray II oil zone in March, 
1958, was about 400 M’cf equal to 
about 1,500,000-bbl space at reser- 
voir conditions. At 25 per cent aver- 
age gas saturation, for example, this 
gas would occupy only 2-ft gas sec- 
tion in the 1,360 acres contributing 
to production of 30 wells having gas- 
oil ratios ranging from 300 to 83,500 
cu ft/bbl. At first blush considering 
such high gas-oil ratios to come from 
such limited gas invaded zone seems 
incredible. However, it is not with- 
out precedence. Gas injection into 
another sand reservoir in Texas’ 


caused rapid increase in gas-oil ra- 
tios of adjacent 40-acre wells from 
700 to 2,000 to 3,500 cu ft/bbl when 
gas saturation averaged only 1.2 to 
4 per cent in the test area. Oil vis- 
cosity there was only 0.6 cp com- 
pared with 16 cp at Fosterton. Ad- 
justment of these gas-oil ratios by 
viscosity ratio would match any of 
the gas-oil ratios at Fosterton. Thus, 
gas-oil ratio problems could result 
from a few leaks from the Fosterton 
sand with gas spreading easily along 
the top of the sand due to the thou- 
sand-fold contrast of the viscosities 
of the oil and gas. Performance of 
wells in Section 11 supports this con- 
cept because wells completed in the 
top of the Roseray sand have high 
gas-oil ratios while adjacent wells 
completed low in the sand have low 
gas-oil ratios. 

In March, 1958, cumulative net 
water influx calculated with assump- 
tion of a 5 M’cf gas reservoir was 
3,350,000 bbl. This equals 60 per 
cent replacement of the reservoir oil 
withdrawal. Uniform effective per- 
meability of the aquifer matching 
this influx and the pressure history 
is just 100 to 150 md compared to 
1 darcy or more permeability in 
cores. Possibly the Roseray sand is 
divided into many sand lenses on a 
regional basis just as it is within the 
Fosterton field itself. This uncertainty 
of value and regional extent of per- 
meability limits accuracy of predic- 
tion of long term water influx rates. 
However, extrapolation of pressure- 
production trends without detailed 
quantitative interpretation of factors 
affecting it leaves no doubt that pres- 
ent production rates can be main- 
tained only a few years more with- 
out supplemental fluid injection. 


1References given at end of paper. 


TABLE 1—WATER CONING DATA 
Oil sand 


below 
bottom 
Water-free Oil perfora- Water 
oil prod. sand tion sand 

Well (bbl) (ft) (ft) (ft) Kn/Ki 
2- 7B 2 0 42 
1-13B 0 8 6 46 “3 
12- 3B 95 11 6 42 ae? 
12-12B 150 43 8 11 val 
12- 7B 10 8 4] * 
3- 8B 2,700 31 10 8 2) 
2- 5B 45 10 14 x 
12-10B 2,500 16 10 37 43 
2-9 0 14 10 44 * 
2-15B 10,000 52 11 3 45 
12-45 0 47 6 
11-15B 160 19 11 15 Were 
12-13B 0 19 12 33 a 
12-11B 0 25 12 26 * 
12- 6B 0 20 12 29 = 
2- 6B 0 28 12 
2-108 5,800 32 12 25 26 
11-16B 5,300 21 18 34 est.27 
2-16B 17,400 36 26 23 21 
11- 8B >76,000 49 36 2 >36 
2-11B 26,000 42 36 9 LZ 
11- 9B >55,000 45 36 6 >33 
11-10B 58,000 48 44 1 23 


*10-175 bbl water-free oil production required 
for Ky to equal Ku. 


WATER CONING 


The most spectacular and yet 
alarming feature of the reservoir per- 
formance at Fosterton was the very 
early coning of water into all wells 
at locations having bottom water. In 
fact eight wells in the bottom water 
area with 6 to 10 ft of oil column 
below the lowest perforation aver- 
aged only 680-bbl water-free oil pro- 
duction; nine wells with 11- to 18-ft 
oil below the lowest perforation av- 
eraged only 2,350-bbl water-free oil 
production; and three wells with 26- 
to 36-ft oil below the lowest per- 
foration averaged only 34,000-bbl 
water-free oil production. These vol- 
umes correspond respectively to 0.12, 
0.27 and 1.45 per cent of oil in place 
below the lowest perforation on the 
40 acres associated with each well. 
Detailed well data are included in 
Table 1. In March, 1958, 20 struc- 
turally low wells produced water in 
the range of 12 to 96 per cent. Cu- 
mulative production of these wells 
totaled only 1,130,000 bbl, just 2.35 
per cent of the oil in place in the 
area underlain by water and being 
drained by these wells. Extrapolation 
of water percentage and oil produc- 
tion performance of these wells indi- 
cates recovery of only a few per cent 
of oil in place before well operation 
will become uneconomical. 

The wells up-structure from the 
intersection of the oil-water contact 
with the base of the sand have pro- 
duced an average of 170,000 bbl 
each. Only five of these wells pro- 
duce significant volumes of water. 
Three are located up-structure where 
there appears to be a perched water 
table. The other two are located just 
100 to 400 ft laterally from the main 
bottom water region. The radical dif- 
ference in performance of wells with 
or without bottom water leaves no 
doubt that most present water pro- 
duction has resulted from water con- 
ing and not from uniform water in- 
vasion of the reservoir. Lack of in- 
termediate shale streaks to confine 
flow parallel to bedding planes is 
apparent in the electric logs and 
cores and is confirmed by this water 
coning. 

Effective ratio of horizontal per- 
meability to vertical permeability has 
been calculated for each of the wells 
into which water has coned using 
the equations developed by Muskat* 
assuming 30 per cent microscopic 
displacement efficiency. These ratios 
ranging from 1 to 45 and averaging 
about 15 are included in Table 1. 
These contrast with apparent ratios 
of permeabilities in excess of 1,000 
necessary to explain recoveries of 
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50,000 or more bbl of oil before 
water breakthrough into wells com- 
pleted within a few feet of the oil- 
water contact in many other water- 
drive fields. 


WATER INVASION PATTERN 


Very early water coning into wells 
at Fosterton having bottom water 
present demonstrates one inefficient 
phase of water displacement of oil. 
Continued water-free production of 
adjacent wells demonstrates a sec- 
ond much more efficient phase of 
displacement of oil at the oil-water 
contact toward wells up-structure 
from the bottom water region. The 
actual efficiency is difficult to deter- 


mine though because low contrast of 
effective horizontal permeability to 
vertical permeability, high mobility 
ratio between oil and water zone, 
and possible rate effects due to grav- 
ity combine to present a problem 
beyond solution by intuition. No sim- 
ple assumption such as uniform rise 
in oil-water contact should be ex- 
pected to match the actual field in- 
vasion pattern. 

A theoretical analysis of reservoir 
performance was made including as 
nearly as possible effects of all these 
factors to provide background for a 
better prediction of water invasion 
pattern to be expected. The reser- 
voir was simulated by a two-dimen- 
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sional radial flow mathematical 
model consisting of a network of 20 
vertical columns and 10 horizontal 
rows of annular sectors representing 
portions of the sand reservoir. This 
simplification is possible because flow 
into the Roseray II sand reservoir is 
nearly radial in a 90° sector bounded 
by the sand limits and the oil-water 
contact. The annular sectors used 
were 5-ft high and 400-ft wide along 
radii, Permeability was assumed uni- 
form but anisotropic with horizontal 
permeability 15 times greater than 
vertical permeability in two cases 
and 100 times greater in a third case. 
Relative mobilities were assumed to 
be 1, 6 and 60 in the oil-filled re- 
gion, water invaded region and oil- 
tree bottom water region, respec- 
tively, based on laboratory flood-pot 
tests of cores. Boundary conditions 
assumed were water entry at the ou- 
ter limit of the oil-water contact at 
uniform datum pressure and oil pro- 
production at an inner boundary of 
the reservoir also at uniform datum 
pressure. A pictorial sketch of the 
mathematical model is presented in 
Fig. 6. 

A more complex three-dimensional 
model including local effects of well 
completion, distributed production, 
etc., would be desirable but, as in all 
engineering analysis, simplification is 
necessary from that which is desired 
to that which can be solved. The as- 
sumption of oil production at uni- 
form datum pressure along a small 
radius upstructure is justifiably ques- 
tioned intuitively. However, the de- 
tailed results of the anlysis show al- 
most identical pattern of water inva- 
sion would be calculated if uniformly 
distributed production had been as- 
sumed upstructure from the line of 
water invasion. 

Difference equations of horizontal 
and vertical flow between adjacent 
blocks were derived using the “tube” 
concept reported by Dykstra and 
Parsons’ and assuming single-phase 
Darcy law flow in front of and be- 
hind the oil-water interface. The ad- 
vancing oil-water interface was ap- 
proximated in the model by horizon- 
tal stairstep positions in the various 
columns. In each block containing 
both oil and water the horizontal in- 
terface assumed resulted in series 
flow of the two fluids in the vertical 
direction and parallel flow in the 
horizontal direction in that block. 
This permitted inclusion of effects of 
gravity and differential density of the 
fluids on distribution of flow pattern 
in the network. Advance of the water 
front into the oil zone was deter- 
mined using the method of succes- 
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sion of steady-state conditions. Dis- 
tribution of pressure and flow was 
calculated for each state using the 
various factors, boundary conditions, 
etc., mentioned previously and using 
a new numerical method of solution 
adaptable to intermediate sized elec- 
tronic computers such as the IBM 
650. Equations used and the method 
of solution are included in the ap- 
pendix. 

The flow distribution at each stage 
was used to project a tentative new 
position of the oil-water contact. 
Pressure and flow distribution was 
then calculated for this tentative ad- 
vance of the water and the actual 
advance determined using the inte- 
grated average flow rates between the 
two stages. Results of one series of 
solutions of the network is presented 
in Fig. 7 which shows successive po- 
sitions of the oil-water interface. 
Twelve steps were made in advancing 
the water front to the up-structure 
limit of the reservoir. This behavior 
calculated would hardly be antici- 
pated by initiative judgment condi- 
tioned by experience in reservoirs 
where flow parallels bedding planes 
due to restrictions imposed by nu- 
merous shale barriers and other tight 
streaks. 

Calculations indicate about 90 per 
cent of the flow across the original 
oil-water contact occurs within the 
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first 20 per cent of the area adjacent 
to the intersection of the oil-water 
contact with the base of the sand. 
Rate of oil displacement by water is 
imperceptible near the intersection of 
the oil-water contact with the top of 
the sand. The reason for this non- 
uniform flow of water across the 
original oil-water interface is, of 
course, the much greater mobility of 
the bottom water zone. At Fosterton 
1 ft of oil-free water sand should 
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have as great fluid-flow capacity as 
the entire 50 ft of oil-filled sand. 


Initially the water invasion front 
rises nearly vertical in the vicinity of 
the intersection of oil-water contact 
with the base of the sand. Shortly 
thereafter, however, it advances rap- 
idly along the base of the sand. While 
superficially this might appear to re- 
sult from gravity segregation, it ac- 
tually is caused by the significant dif- 
ference in oil and water mobility and 
the uneven starting position of water 
in section along the dip of the beds. 
The calculated results in Fig. 7 cor- 
respond to a pool production rate 
of about 5,000 B/D. Similar calcu- 
lations for a fourfold greater pro- 
duction rate gave only 2-ft greater 
maximum vertical invasion of the oil 
zone near the intersection of the oil- 
water contact and the base of the 
sand. Calculations for 5,000 B/D 
production rate and a 100-fold ratio 
of horizontal permeability to vertical 
permeability also caused very little 
change in pattern of water inva- 
sion. Within the ranges of produc- 
tion rates and of permeability ratios 
investigated and within the basic lim- 
itations of the network analog simu- 
lation of distributed resistance in the 
field, it must be concluded that the 
pattern of invasion calculated is 
largely the result of the contrast in 
mobility of the oil and water re- 
gions, the uneven starting position of 
water along the section and, of 
course, the lack of barriers to flow 
across the bedding planes. 

These various calculations indicate 
that just some 23 per cent of the oil 
reservoir volume should be invaded 
by water before the water under-runs 
the entire oil reservoir. Presumably 
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wells upstructure, now water Trees 
would then be subject to water con- 
ing similar to wells having bottom 
water initially. (This has actually 
happened in a few wells since prep- 
aration of this paper.) Recovery of 
addition oil from the uninvaded por- 
tion of the sand could be achieved 
only by cycling large volumes of 
water. Implications of low volumetric 
invasion efficiency and low percen- 
tage oil recovery ultimately through 
natural water influx or peripheral 
water injection are readily apparent. 

Calculations involving so many 
quantitative reservoir factors and 
simplifying assumptions necessary to 
permit solution take on added mean- 
ing when checked in whole or in part 
by actual reservoir performance. Pro- 
duction is too limited to analyze in- 
vasion of water into wells upstruc- 
ture from the bottom water region, 
but pressure distribution does pro- 
vide one direct physical comparison. 
The calculated drop in pressure from 
the field edge across the bottom 
water region is 1.6 psi to the last 
column containing bottom water and 
6.7 psi to the first column completely 
oil-filled. Similarly, the calculated 
drop in pressure across the oil-filled 
region is 122 psi. Corresponding 
pressure differences in the field were 
3 to 10 psi and 125 psi, respectively. 
These pressure differences in Roseray 
IJ sand wells may be observed in 
Fig. 8 which presents March, 1956, 
data. The approximate agreement be- 
tween the actual and calculated ra- 
tios of pressure drop in the bottom 
water region to pressure drop in the 
oil-filled region lends credence to the 
other conclusions reached through 
the analysis. Ratios of pressure drop 
must be compared since the actual 
pressure drop in the oil-filled region 
was used to establish permeability 
for the analysis. 


Only two of the 11 first row Rose- 
ray II wells up-structure from the 
intersection of the oil-water contact 
with the base of the sand now pro- 
duce water. While six first row wells 
are perforated near the top of the 
sand and possibly could be protected 
by tight streaks, three wells are per- 
forated near the base of the sand and 
should produce water if it had 
reached their vicinity. Together these 
wells limit lateral water movement 
up-dip to something less than 650 ft 
from the intersection of the oil-water 
contact with the base of the sand. 
This state is intermediate between the 
third and fourth steps in Fig. 7 and 
corresponds to calculated water in- 
vasion of some 3,650 acre-ft. The 
equivalent oil volume is not deter- 
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minable exactly because of the in- 
vasion of gas from the Fosterton 
sand and other uncertainties dis- 
cussed previously, but it appears to 
be of the order of 2,250,000 bbl. Dis- 
placement efficiency is thus of the 
order of 33 per cent or more of oil 
in place in that part of the reservoir 
actually invaded by water. 


The mathematical model studied 
does not conform to past operation 
of the field exactly because it in- 
cluded only up-structure production 
rather than distributed production 
and, of course, includes no effects of 
local flow and pressure distribution 
around individual wells. The 1,100,- 
000 bbl of water produced from 
wells where water has coned should 
modify the displacement of the oil- 
water interface only slightly because 
of the extreme ease with which water 
flows through the bottom water zone. 
Production from wells up-structure 
from the water region should modify 
the water advance largely in the 
manner that it causes deviation from 
uniform areal pattern flow in the 
reservoir. The analysis indicates oil 
flow distribution in section should 
become nearly uniform within a few 
hundred feet up-dip of the water 
front. Behind it of course the flow 
distribution should be very non-uni- 
form. 


The oil volume used for this pre- 
liminary estimate of recovery effi- 


ciency within the water-invaded zone 
excluded oil produced from wells in 
the bottom water area, calculated er- 
pansion of the oil, sand and connate 
water, and estimated net gas inva- 
sion of the Roseray sand by gas from 
the Fosterton sand from total Ros- 
eray I and Roseray II sand produc- 
tion. 


PROSPECTIVE FUTURE 
OPERATION 


The analyses included herein in- 
dicated just some 25 per cent of the 
oil reservoir volume should be in- 
vaded by water before all wells in 
the field become subject to water con- 
ing if water displacement is achieved 
through natural water influx or by 
peripheral water injection below the 
oil-water contact. The displacement 
efficiency appears to be reasonably 
high in the oil sand actually invaded 
by water. A significant increase in 
total pool recovery of oil may be 
possible if water flooding is con- 
ducted in that two-thirds of the field 
where water can be injected and oil 
produced uniformly in section with- 
out creating unusual water fingering 
by the unequal starting position of 
water in the sand section laterally. 

A simpler mathematical analysis 
of line flooding only the oil-filled 
sand at Fosterton plus analogy with 
actual flood of another field with 
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somewhat similar sand properties 
and limited intermediate shales indi- 
cate complete volumetric invasion of 
the sand, except for permeability pro- 
file effects, if water is injected up-dip 
from the bottom water region. 

With a prospective significant in- 
crease in oil recovery the operators 
unitized the Fosterton field July 1, 
1958, and have begun installation of 
facilities for water flooding. They 
have tentatively adopted a program 
of flooding in which water will be in- 
jected into the first row of wells up- 
structure from the intersection of the 
oil-water contact and the base of the 
sand to water flood that two-thirds 
of the oil volume not underlain by 
bottom water. Conventional five-spot 
pattern flooding will not be required 
since reservoir flow capacity is ade- 
quate for flow across the mile-wide 
area. Thus, fewer producing wells 
need be converted to water injec- 
tion and areal sweep efficiency should 
be improved. Additional peripheral 
water injection wells will be used to 
repressure the aquifer and to aid in 
cycling water through the oil zone 
underlain by water initially to achieve 
that oil recovery therefrom that is 
economically feasible. The distribu- 
tion of water injection between the 
wells up-structure from the bottom 
water region and the wells at the 
periphery of the field will be closely 
regulated to prevent advance of the 
bottom water up-structure with its 
concordant initiation of non-uniform 
water invasion of that part of the res- 
ervoir which is now water free. 


CONC EUSTON: 


The Fosterton field has presented 
unusual problems of water coning 
and water invasion pattern caused 
by absence of shale barriers restrict- 
ing vertical flow and by large con- 
trast between oil mobility and water 
mobility. An electronic computer so- 
lution of a network mathematical 
model of the reservoir provided in- 
formation about water invasion un- 
likely to be recognized through in- 
tuitive judgment. This led to a differ- 
ent pattern of water injection which 
may double oil recovery over that 
obtainable by natural water influx or 
peripheral water injection below the 
oil-water contact. 


The helpful assistance of R. G. 
McIntyre, J. E. Berryman, C. B. 
Brown and A. E. Hall in develop- 
ment and programing of the com- 
puter techniques and in carrying out 
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Permission of the Fosterton field 
operators to publish the performance 
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formance and opinions regarding, fu- 
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the author. 
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APPENDIX 


Difference equations approximat- 
ing the differential equations of flow 
in porous media can be derived using 
the “tube” concept of components of 
flow as proposed by Dykstra and Par- 
sons’. For a two-dimensional radial- 
vertical network model such as Fig. 
6, the horizontal pressure drop in 
the same fluid phase between centers 
of adjacent annular blocks is given 
by Eq. 1 in which subscripts refer 
to Fig. 9. 


= i Py 

(1) 


Similarly, within the same fluid phase 
the vertical pressure drop between 
centers of adjacent annular blocks is 
given by Eq. 2. 
ak(r; — 1, ) 
If the stairstep oil-water interface 
occurs in ore or more adjacent hori- 
zontal blocks the horizontal pressure 
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Fic. 9—Network ELEMENTS FOR IDENTI- 
FICATION OF TERMS IN FLow Equations. 


drop between centers is given approx- 
imately by Eq. 3, which assumes 
parallel flow of the oil and water. 


Pr, Pr, 
1 
Gi feo 
Vak, — hy — h,) 
k 


(3) 
Similarly, if the oil-water interface 
occurs between centers of vertically 
adjacent blocks, the pressure drop 
between centers for series flow is 
given by Eq, 4. 


ak, — 11) ak — 


These various equations for hori- 
zontal and vertical flow between one 
block and the four adjacent blocks 
can be combined with the material 
balance principle and proper boun- 
dary conditions to relate flow and 
pressure distribution throughout the 
network model. 


Previous solutions of network 
models have fixed the boundary con- 
ditions and have relaxed errors of 
guessed potential distributions using 
techniques such as the Southwell re- 
laxation method’ or the alternating 
direction implicit procedure method’. 
A new direct method was developed 
using a block operator approach 
wherein various solutions, internally 
correct, are added with constant co- 
efficients adjusted such that the 
summed solutions match the desired 
boundary conditions. 


The block operator method is il- 
lustrated most easily by the non-uni- 
form electric resistance network in 
Fig. 10 in which constant potential, 
E, = 0, is assumed at the input face 
1-5 and constant potential E = C 


Fic. 10O—Execrricat Resistance NEt- 
WORK TO ILLUSTRATE NUMERICAL 
SOLUTION. 
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is assumed at the outflow face 16-20 
and no flow occurs across the sides 
1-16 and 5-20. The solution desired 
is the distribution of current and po- 
tential in the network which will 
match these boundary conditions. 
Unit current flow in R,, and zero 
HOW In Rs, Kes, Ry. are 
assumed. These currents along with 
the potential E = 0 at face 1-5 are 
sufficient to completely define one 
distribution of potential and current 
in the network but it will not match 
the desired boundary condition at 
face 16-20. This distribution is de- 
termined numerically by calculating 
first E, using Eq. 5. 

and similarly calculating E,, E,, E, 
can now be calculated since the cor- 
responding potential differences are 
and /,.,; may now be calculated by 
“material” balance at junctions 6 to 
10. These steps are repeated until po- 
tential and current flow values are 
established at the outflow face which 
represent the results of operating on 
the network with J, = 1. 

The process is repeated with the 
unit current shifted successively to 
first row currents held at zero. Since 
solutions of linear difference equa- 
tions are additive, the five sets of re- 
sults can be combined in reduced 
equations to relate changes in the 
individual boundary values of face 
16-20 to simultaneous changes in 
eurrents- 1,4, I, and Iso. 
Changes necessary in E,,, Es 
and E., from any of the base runs to 
equal E = C are introduced into the 
educed equations to calculate the 
changes necessary in currents /,.., 
and Av Sixth run with 
these changed input current values 
will give the entire flow and poten- 
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tial distribution of the network cor- 
responding to the boundary condi- 
tions assigned. The number of runs 
and number of reduced equations 
required depends only on the width 
of the network — not the length — 
but of course the time for each run 
increases proportional to the net- 
work length. Sources and sinks can 
also be introduced into the the net- 
work either at fixed strengths in one 
run from which necessary correc- 
tions at the boundaries are to be de- 
termined or as variables from which 
influence coefficients are to be calcu- 
lated. 

In solving the network described 
earlier, appropriate Eqs. 1, 2, 3, or 
4 were used to include the proper 
fluid mobility and fluid density in 
each block calculation. Use was made 
of the plus and minus balance and 
zero check features of the computer 
to simplify greatly modification of 
mobility and density features of Eqs. 
3 and 4 by branch change commands 
initiated by insertion of an h,, value 
in each of the 20 columns. The con- 
struction of the 20 reduced equa- 
tions, their solution by matrix in- 
version, and the final calculation of 
the complete potential and flow dis- 
tribution of the network for one 
stage of water invasion required 
about one hour on the IBM 650 com- 
puter. This compares with about 60 
hours for a 256-point network solved 
by the alternating-direction implicit 
procedure using a similar speed com- 
puter’. This higher speed of calcula- 
tion does not extend to much larger 
isotropic networks however because 
the coefficients of change developed 
in the block operation exceed the 
word length of computer memory, 
thus requiring multiple precision 
arithmetic or use of variable word 
length computers such as the IBM 
705. Each of these increases relative 
computing time involved. Floating 


decimal point methods are not help- 
ful because values required are dif- 
ferences of very large numbers, and 
all significant digits must be retained. 
The cross-over point on computer 
rental for this method on the IBM 
705 and the ADIP on the IBM 704 
is a network of 1,000 to 2,000 points. 


The advance of the oil-water in- 
terface was computed by material 
balance using net flow of water into 
each annular block involved. Test 
calculations showed reasonable lin- 
earity between net water flow rate 
and position of the interface between 
successive stages of its advance. As- 
sumption of a linear relation per- 
mitted development of a satisfactory 
machine integrating technique to 
compute the movement of the inter- 
face. This routine also required about 
one hour. Thus, the entire 12-step 
calculation of advance of the water 
front required about 24 machine 
hours. 


OWL E IN Cy 


= radii 
h,,h, = elevation 
a = angular intercept of sectors 
in model 
h,. = elevation of oil-water inter- 
face in column 
p = pressure at center of block 
gd, = horizontal flow rate between 
adjacent blocks 
qd» = vertical flow rate upward 
between adjacent blocks 
p. = viscosity of fluid 
k = effective permeability to 
fluid 
p = density of fluid 
g = acceleration of gravity 
o,w = subscripts denoting oil and 


water 
E = potential 
R = resistance 
J = current flow ak 
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Some Effects of Invasion on the SP Curve 


F. SEGESMAN 


M. P. TIXIER 
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Explanations based on theory and laboratory tests 
are offered for certain unusual features of SP logs which 
may befog their interpretation, namely the “sawtooth” 
SP and the reduction or increase of SP with time. 


The sawtooth SP is frequently seen in SP recordings 
of thick, very permeable water sands of the Louisiana 
Gulf Coast. Using SP data from a resistor network 
analog, this anomaly is explained on the basis of a thin 
shale streak within the sand, under which the invading 
filtrate accumulates by gravity segregation. The electro- 
motive force then appearing across the shale streak 
gives rise to the anomalous SP. 


Reduction of the SP on suceessive logging runs has 
often been observed in very permeable sands when, as 
indicated by the resistivity curves, the invasion depth 
has been reduced to practically zero. Laboratory results 
verify that this phenomenon may be due to the pres- 
ence of an electromotive force across the mud cake 
when the fluids on either side differ in activity. 


Also, there is, in some cases, an increase of SP de- 
flection on successive logging runs, because the emf 
initially present across the mud cake disappears as the 
somewhat saline water just behind the mud cake is 
progressively flushed out by the invading filtrate. 


Field examples and laboratory data are presented. 


Some unusual features are frequently observed on cer- 
tain SP logs which make interpretation difficult. The 
purpose of this paper is to offer explanations of several 
cases of interest. All of these are related to the condi- 
tions of invasion. The cases to be discussed are as 
follows. 


1, The sawtooth SP anomaly which is frequently 


seen within the thick, highly permeable saltwater sands 
of the Louisiana Gulf Coast. 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 15, 1958, Revised manuscript received Feb. 9, 1959, Paper 
presented at 38rd Annual Fall Meeting of Society of Petroleum 
Engineers in Houston, Tex., Oct. 5-8, 1958. 
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2. Reduction of the SP deflection from the usual sand 
line in very permeable sections when the depth of 
invasion is practically nil. As will be explained, such a 
reduction is attributable to a membrane electromotive 
force across the mud cake. 

3. An increase of the SP with time just after the for- 
mation is drilled as a result of progressive flushing of 
the invaded zone. 


FUNDAMENTALS OF SP PHENOMENA 


An explanation of SP phenomena must begin with 
the following basic ideas. 

1. The SP log derives its character from ohmic poten- 
tial differences in the hole produced by currents flowing 
through the mud." These currents are driven by electro- 
motive forces which are primarily electrochemical in 
origin. Other possible types of SP-producing electro- 
motive forces may be disregarded for the purposes of 
this paper. 

2. The electrochemical emf’s associated with per- 
meable formations are now understood to consist of 
liquid-junction emf’s and membrane emf’s.”* 


As schematically shown by the battery symbols in 
Fig. 1, the liquid-junction emf, E,,, exists at the con- 
tact between waters of different chemical activities, a,,, 
(mud filtrate) and a, (formation water); the shale 
membrane emf, Es, exists across the adjacent shales 
when they separate waters of different activities. 

The emf’s just cited are additive in producing SP 
currents (arrowed circles of Fig. 1). Thus, neglecting 
for the moment any possible membrane emf across the 
mud cake, the total electrochemical emf, E,, will be 
given by their sum, 

where Ky; + Key = 12 + 59, or 71 at 75°F. 

In the log interpretations the SP of a thick sand 
(.e., the static SP) is generally related to the activities 
of the filtrate and formation water through Ege tay 
setting the static SP equal to — E,. 


1References given at end of paper. 
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PART I— The Sawtooth SP 


In the log of Fig. 2, made in a Gulf Coast well, two 
sawtooth-shaped breaks are seen on the SP curve in the 
salt-water sand at depths indicated by horizontal lines, 
a and b. These anomalies consist of positive excursions 
of the SP below the horizontal lines, followed by sud- 
den reversals at the level of the lines, with the SP 
then kicking to a value more negative than the average 
sand line. The anomalies repeat on successive SP and 
micro-SP recordings; hence they must be formation 
generated. 

It has been suggested’ that the sawtooth might be 
related in some way to the interruption of the upward 
segregation of invading filtrate by impervious breaks 
within the formation. As has been explained in Ref. 
5, when the invaded sand is very permeable, and when 
the fresh mud filtrate entering from the borehole has 
an appreciably smaller specific gravity than the salt- 
concentrated formation water, then the lighter filtrate 
will tend to rise in the very permeable sand, rather 
than push back the heavier formation water. When the 
ascending filtrate meets an impervious streak or layer 
it then will push out into the formation—like smoke 
from a kerosene lamp, which rises to the ceiling and 
then spreads out (Fig. 3a). 

This suggestion is supported by evidence on many 
of the logs of a gradient of increasing depth of invasion 
up to the level of the sawtooth, and a much smaller 
depth of invasion just above the sawtooth. Such indica- 
tians can be seen on the amplified normal and induction 
conductivity curves of Fig. 2. 

An analysis of the phenomenon has therefore been 
made on the basis of the schematic configuration of 
Fig. 3a (assuming, of course, that the hole is vertical 
and the beds do not dip appreciably). As shown in 
Fig. 3a the depth of invasion may be very small in 
the lower part of the very permeable sand section. 
Underneath an impervious stratum the filtrate will 
spread outward from the hole forming a layer of deep 
invasion, At some distance, L, from the hole axis this 
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layer will become very thin and lose its identity. The 
extent of the layer will depend on the time during 
which filtration has been going on and on the rate of 
mixing between filtrate and formation water. (To 
simplify the discussion sharp boundaries are shown 
between liquids of different activity. No zone of mixing 
is considered.) 


If the impervious layer is a thin shale bed, a shale 
membrane emf will be produced across it because of 
the difference in activities of the accumulated filtrate 
below and the formation water above. Fig. 3b shows, 
schematically, the SP-generating regions which will then 
exist. 

The shale stratum is taken as very thin, which, 
according to the logs, it usually is. The membrane emf, 
E;, across the shale barrier, extends from near the 
hole wall, out to the radial distance, L, defined by the 
extent of the spreading mud filtrate. Also shown in 
Fig. 3b are the liquid-junction emf’s, E,,;, between the 
invading filtrate and the formation water, and the shale 
emf’s, Eg,, at the boundaries of the sand. 

An examination of the potential system of Fig. 3b 
will show that some sort of SP anomaly should be 
expected at the level of the thin shale bed. 
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TRANSFORMATION OF THE PROBLEM 


In order to be able to derive the SP to be expected 
from potential field analogs (or from computations) it 
is useful to convert the problem of Fig. 3b to the 
equivalent problem of Fig. 3c (in which the emf’s are 
all located along the horizontal plane boundaries) by 
the following. 

1. Make the potential within the adjacent shales 
more positive by some constant amount in order to 
remove any potential discontinuity from the mud-shale 
boundary, and to place a potential discontinuity at the 
sand-shale boundary equal to the total shale emf. (For 
convenience in discussion it is assumed that all of the 
shale emf, Es,,, originates from potential discontinuities 
at these two boundaries. ) 

2. Make the potential of the uncontaminated part 
of the sand more negative by a constant amount equal 
to E,,. This effectively removes the potential discon- 
tinuity at the boundary between filtrate and connate 
water and increases by E,, the potential discontinuities 
at the upper and lower shale boundaries, as well as that 
across the thin shale bed. 

As shown in the Appendix, the potential in the mud 
column, where the SP is measured, will be the same in 
the configuration of Fig. 3c as in Fig. 3b. The trans- 
formed configuration may therefore be used to deter- 
mine the SP corresponding to Fig. 3b. 
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In the transformed problem (Fig. 3c) there is an 
emf equal to E,; + E,, across the thin shale stratum, 
extending from r; out to a radial distance, L. The emf’s 
on the boundaries between the sand and adjacent shales 
have a strength, Es, + E,,. Note that the emf across 
the upper sand-shale boundary does not extend closer 
to the axis than a radial distance, L’, which, for con- 
venience in discussion, is taken equal to L. 

The radial extent of the invading filtrate just above 
the impervious stratum is denoted as r; which may be 
larger than, or practically equal to the hole radius. For 
convenience the SP profiles which will be shown are 
drawn as if r; were equal to the hole radius. The modi- 
fication expected in the profiles if r; were larger would 
correspond approximately to the case of a larger effec- 
tive hole size, with a correspondingly smaller ratio, L/r,. 

The transformed configuration (Fig. 3c) is repeated 
in Fig. 4. 


LABORATORY CURVES 


To obtain data to draw the SP profiles shown on the 
left-hand side of Fig. 4, SP profiles were recorded on 
a resistor network analog as follows. 

1. For a 100-mv emf, distributed along a horizontal 
boundary between semi-infinite sand and shale beds, 
the emf distribution extends from a radial distance L 
to infinity. The SP profiles for L = 1, 2.05, 4.22, 8.66 
and 17.3 hole radii are shown in Fig. 5 for a homo- 
geneous resistivity (Ry = Re 

2. For a 100 mv emf, distributed along a horizontal 
infinitely thin shale streak between two sand beds, the 
emf distribution extends from the hole wall to L, for 
L = 2.05, 4.22, 8.66, and 17.3 hole radii. Fig. 6 shows 
the corresponding SP profiles for a homogeneous 
resistivity. 

The profiles of Fig. 4 were drawn directly from Fig. 
5 for the shale-sand boundaries and Fig. 6 for the saw- 
tooth, for homogeneous resistivity and for L = 8.66 and 
17.3 hole radii, respectively. 

Profiles similar to those of Figs. 5 and 6 were ob- 
tained from the resistor network for the mud ten times 
as conductive as the formation (10 R, = R, = R; = 
R,,). These curves (not shown) were similar in general 
character to those of Figs. 5 and 6, except that the 
sawtooth would have been diminished in amplitude. 


Note that with the larger value of L in Fig. 4 the 
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transitions at the sawtooth and at the upper boundary 
of the sand are gentler. (Theoretically, if L were made 
very large the sawtooth would come to resemble a 
simple baseline shift.) 

There is qualitative agreement between the laboratory 
curves and the anomaties on the field logs. Some addi- 
tional field examples are given here for comparison. 


ADDITIONAL EXAMPLES 

Fig. 7 shows the electrical survey and MicroLog in a 
Louisiana Gulf Coast well drilled with sea water. The 
depths of sawtooth anomalies are pointed out by hori- 
zontal lines at a, b, and c. 

Fig. 8 shows the electrical survey and the MicroLog, 
along with the microcaliper and micro-SP, in a well 
drilled with fresh mud. Sawtooth anomalies are shown 
at a and b. 

Certain features have been observed on many field 
logs, most of which may be verified on these examples. 

1. Corresponding to each SP sawtooth there is usually 
a pimple on the lateral indicating a more resistive streak 
at or just below the center of the sawtooth. Sometimes 
evidences of this resistive streak are seen on the short 
normal. The apparent resistivity indicated by the pim- 
ple is generally less than or equal to the shale resistivity, 
but may also be partly due to the accumulation of fil- 
trate just below the shale barrier. 

2. In many cases evidence can be noted of an in- 
vasion gradient on the shallow investigation curves. See, 
for example, the amplified 16-in. normals in Figs. 2 and 
8. A tendency is noted for the short normal to increase, 
indicating increasing depth of invasion, as one goes up 
the curve toward the level of the anomaly. Just above 
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the anomaly a decrease in the 16-in. normal is often 
seen, indicating decreased invasion just above the shale 
streak. Similar indications are seen on the MicroLogs 
in Figs. 7 and 8. 

3. Often the corresponding MicroLog curves simply 
show a dip, with zero or negative separation at the 
level of the sawtooth. This is an indication of a shale 
streak at that level. 

4. In most cases there is no indication on the micro- 
caliper of any significant variation in mud cake thick- 
ness at the level of the anomaly, possibly because the 
shale bed is very thin (or has some permeability). (See 
Fig. 8.) 


UN! 


Some differences may be noted between the lab- 
oratory curve of Fig. 4, and the sawteeth seen on the 
following log examples. 

1. Unless a rather large value of L is assumed, the 
theoretical curve shows sharper swings and decay rate 
than the log anomalies. 

2. If a large value of L is assumed the transition from 
sand to shale at the upper boundary of the sand is 
rather more gentle on the laboratory curve than is 
usual on the logs. There can be noted, however, some 
tendency on the logs for the sand-shale transitions at 
the tops of the sands to be more gentle than the shale- 
sand transitions at the bottom of the sands. 

3. The curves on the logs show less symmetry than in 
the laboratory curves between the positive and negative 
swings of the sawtooth. The positive excursions of the 
SP are often very large and sharper than the negative 
excursions, as shown in the micro-SP of Fig. 8. 

These differences are probably due to the oversimpli- 
fication of the theoretical model of Fig. 3. 

A very thin shale streak was assumed. If the shale 
barrier is of appreciable thickness a shale response 
(positive dip) would be superimposed on the sawtooth. 
If the shale bed is very thick the sawtooth would de- 
generate to a deep invasion sand-shale boundary below 
and a shallow invasion shale-sand boundary above, 

A uniform resistivity was used instead of making 
the shales and invaded portions of the sand more resis- 
tive than the salt water portion. Giving the filtrate 
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sheath and the shale their proper resistivity might ac- 
count for some distortion in the shape of the sawteeth. 

Sharp boundaries between the formation water and 
invasion filtrate were assumed. Probably the penetration 
of the finger of filtrate under the shale streak cannot be 
given a definite value, L, because the resistivity of the 
invasion fluid probably does not stay constant with dis- 
tance from the borehole; hence, the value of E, would 
not be constant with distance from the borehole, result- 
ing in some modification in the shape of the sawtooth. 

No allowance was made for the effect of a mem- 
brane emf across the mud cake just above the shale 
streak, which might occur if at that point the depth of 
invasion is practically zero. Such an emf would be of 
the right polarity to depress the negative excursions of 
the sawtooth anomaly as will be shown in Part II. 


AN ADDITIONAL EXPERIMENT 


In order to see the effect of making the shale bed 
thicker, and of making the shale and invaded zone more 
resistive than the salt water sand, the experiment of Fig. 
9 was performed on a resistor network analog after 
transforming the problem to put the emf’s on the hori- 
zontal boundaries. 


As seen on the right of the figure, a 10-in. thick shale 
bed is underlain by a 10-in. thick invaded finger of re- 
sistivity R,;, extending to 34.6 in. from the axis. Above 


PART Reduction 


In many electrical logs run in formations of high 
porosity and permeability, such as the Coastal Miocene, 
portions of the sands, usually the bottoms, show smaller 
SP deflections than the upper parts when invasion there- 
in is zero, or very small. 


Furthermore, overlapping runs made a few days 
apart through the same sand have shown in many cases 
that on the initial run, due to a large ingress of filtrate 
during the drilling process, invasion is evident on the 
log; but on the subsequent run the invasion front has 
receded practically to the hole wall. At the same time, 
whereas the SP on the initial run may be fully de- 
veloped, on the later run the SP is often drastically 
reduced in the intervals where invasion is no longer evi- 
dent. 


As has already been mentioned, reduction in invasion 
may occur when the formations have large vertical per- 
meabilities and contain very salty formation waters. 
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the shale bed and below the finger the sand was invaded 
to a radial depth of 8.2 in. (D,/d = 2.05). This invaded 
zone was also of resistivity R;. There is a liquid junc- 
tion potential, E,,;, across the invaded-uncontaminated- 
zone boundary. There is a shale potential, Es,, across 
the shale between the contacts with the salt water-bear- 
ing sand and filtrate-bearing sand. 

The resistivity, Rs, of the shale was in each case the 
same as the resistivity, R;, of the filtrate-invaded sand. 
The mud resistivity, R,,, was the same as the resistivity, 
R,, of the water-bearing sand. 

The two SP profiles run for this configuration are 
shown at the left of Fig. 9 with an expanded depth 
scale: the solid curve for the homogeneous case (R; = 
R, = Ry» = Rew); and the dashed curve for a resistive 
shale and invaded zone (R; = Rs, = 10 R, = 10 R,,)- 

Both curves show larger positive excursions than nega- 
tive excursions. It is concluded therefore that the non- 
symmetry in the profile is primarily due to the thick- 
ness of the shale bed. Shale bed thickness as well as 
increased resistivity in the shale bed and invaded zone 
act to make the sawtooth transitions more gentle. The 
sawteeth of Fig. 9 are more in accordance with those 
usually seen on the logs. 


Cal 


It seems safe to conclude that the membrane electro- 
motive force created across a shale streak by accumu- 
lated mud filtrate just below the streak, and formation 
water above, is a qualitatively satisfactory explanation 
of the sawtooth anomalies often observed on the SP in 
thick, permeable salt water sands. The evidence on the 
logs tends to bear out the existence of a shale streak 
at the level of the anomaly, and invasion gradients in 
the sand above and below the streak which support 
the proposed explanation. 

If the impervious bed of Fig. 3b were a clean, dense 
sand, a liquid-junction emf would exist across such a 
sand streak (a, above and a,,; below) which would 
be nullified exactly by the liquid-junction emf at the 
Qi — An; boundary within the sand above the streak. 

Finally, it is certainly more-or-less apparent that elec- 
trokinetic phenomena may be ruled out as a cause 
of the SP anomalies. Pressure gradients within the sand 
are too small and fluid velocities are too low. 


With Shallow Invasion 


When drilled with relatively fresh mud, gravity segre- 
gation takes place, the filtrate rises, and in the lower 
part of the permeable zones, as the filtration rate de- 
creases, the formation water (or liquid highly. contam- 
inated with formation water) approaches the mud cake; 
i.e., the depth of invasion decreases. 


The reduction of the SP with decreased invasion can 
be explained as due to a membrane emf developed 
across the mud cake which separates two essentially 
NaCl solutions of considerably different activities; 
namely, the mud (whose activity is taken to be a,,) 
and a fluid just behind the mud cake of activity a.,, 
which differs from a,,; because of contamination of the 
invaded zone fluid, or its replacement, by the receding 
formation water. 


Laboratory investigations of the phenomenon have 
included measurements of the emf across the mud cakes 
used as membranes separating NaCl solutions of differ- 
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TABLE 1—MEASUREMENTS OF SIX FIELD MUDS 
Sample No. Description 
M-18 Aquagel, caustic soda, tannex. Wt. 10, vis. SomiRaeled 
(Oklahoma) @ 75° F, Rms 1.1 @ 75°F. 3/16-in. mud cake from eigth 
hours at 800 psi 


M-21 Aquagel, caustic, tannex. Wt. 10, vis. 77, Rm 2.0 @ 
(Oklahoma) 75°F. Rmt 1.6 @ 75°F. 5/16-in. mud cake from 12 hours 
at 800 psi 
M-25 No chemicals added. Wt. 9.5, vis. 37, Rm 6.7 @ 75°F. 
(Texas) Rmt 6.6 @ 75°F. %-in. mud cake from 10.5 hours at 
800 psi 
M-36 Gel, quadrofos, calgon. Wt. 9.7, vis. 55, Rm 3.5 @ 75°F, 
(California) Rmt 2.8 @ 75°F. Wy-in. mud cake from 10 hours at 
800 psi 
M-47 Aquagel. Wt. 9.9;- vis. 45, Rm 1.2 @ 75°F, Rmp 0.77 
(Texas) @ 75° F. VW4-in. mud cake from 9.5 hours at 800 psi 
M-48 Aquagel. Wt. 9.8, vis. 43, Rm 1.6 @ 75° F, Rmy 1.3 
(Texas) @75°F. VY2-in. mud cake from 12 hours at 800 psi 


ent concentrations and construction of the SP profiles 
from resistor network data when E,,., the mud cake 
membrane emf, is included in the SP circuit. 


MEMBRANE BEHAVIOR OF MUD CAKES 


There is good reason to suppose that a mud cake, like 
shale, should behave electrochemically as some sort of 
cationic membrane. Although mud cakes may be less 
compacted and perhaps may differ somewhat in chem- 
ical composition from a shale, yet, fundamentally, they 
are composed of the same type material. Thus, when a 
mud cake separates NaCl solutions of differing activi- 
ties, say a, and a,, there should be a membrane elec- 
tromotive force, E,,., across it such that 

Mud cakes were formed by filtering several muds in 
a press at room temperature under 800-psi differential 
pressure. The resulting cakes were cut to 0.25-in. thick- 
ness and placed between NaCl solutions of different 
concentrations in a cell of conventional design for 
membrane potential measurements. From the measured 
values of E,,., the K,,. values were found according to 
Eq. 2. Since the range of concentrations used never ex- 
ceeded 1 N the activity ratio, a,/a, was equal, with 
negligible error, to the ratio of the concentrations. The 
values of C,/C,. were therefore used in Eq. 2 for 
Gs. 

Measurements were made on the six field muds de- 
scribed in Table 1. Table 2 lists for each mud the emf 
measured across the mud cakes for NaCl solution-pairs 
of different concentrations and the K,,,, coefficients com- 
puted therefrom. 

The data shown in Table 2 verify that mud cakes 
do behave as cationic membranes when separating two 
NaCl solutions of different concentrations. However, 
the laboratory measurements made at room temperature 
and atmospheric pressure did not duplicate the condi- 


TABLE 2—EMF MEASUREMENTS ACROSS MUD CAKES 


Solution Pair Em Computed 
Mud C1/C2 Observed value 

No NaCl (my) (Kime) 
M-18 1N/1.N 10.0* 10 
-1N/.2N 7.0 23 
-01N/.02N 125 38 
M-21 -IN/1.N 19.0 19: 
-1IN/.2N 5.5 18 
.0O5N/.1N 9.5 32 
M-25 -IN/1.N 10.0 10 
-IN/.2N 8.0 26 
M-36 .2N/1.N 5.0 7 
-1N/1.N 11.0 11 
-IN/.2N 3.5 12 
.OIN/.1N 20.0 20 
M-47 .2N/.1N 9.0 13 
.0O5N/.1N 6.0 20 
M-48 .IN/1.N 5.0 5 
-IN/.2N 6.5 22 
-0O5N/.1N 8.0 26 


*The polarity of Emc is opposite in sign to that of a_ liquid-junction 
potential corresponding to the same solution pair. 
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tions in the borehole. In particular the mud cakes at 
the time of the measurement were not as compacted 
as they would be expected to be in situ. Also compaction 
of the cakes might be further reduced in the laboratory 
in some cases by swelling of the clays comprising the 
mud cakes when they are brought into contact with the 
less concentrated NaCl solutions. Therefore laboratory 
mud cakes would likely be more “leaky” to the anions 
of the contacting solutions and would be, as a result, 
less efficient membranes than when compacted under 
pressure in the hole. 


Laboratory data, accordingly, should give approxi- 
mately the Jower limits of the mud cake emf’s and they 
should probably not be applied to the interpretation of 
actual logs. Nevertheless, the results are of interest be- 
cause they give an indication of what may happen in 
the hole. 

Although the laboratory values of K,,, are less than 
the K corresponding to a perfect membrane (i.e., K = 
59 at 75°F), the values of E,,, would not be at all 
negligible in reducing the total electromotive force avail- 
able for driving the SP currents. It is to be expected 
that when the mud cake is compacted in the hole by 
a differential pressure across it, the mud cake emf may 
be still more important than indicated by laboratory 
measurements. 


SP REDUCTION SMUDICAKE 
MEMBRANE EMF 


Fig. 10a shows a schematic drawing of the distribu- 
tion of liquids in a very permeable sand in which grav- 
ity segregation has occurred. For simplicity the forma- 
tion water of activity, a,,, is shown as having contacted 
the mud cake in the lower part of the sand. This is the 
extreme case. In many cases, if not most, the mud cake 
emf may correspond to mud in the hole and contam- 
inated filtrate of activity, a., (less than a,,), in the for- 
mation, and the effect would not be as great. 

Fig. 10b shows qualitatively the location of Egy, Ex, 
and E,,, cells (respectively across adjacent shales, across 
filtrate-connate water junction and across the mud cake 
where it separates mud and connate water) which drive 
the currents that generate the SP. 

Following a procedure similar to that already de- 
scribed for the sawtooth SP, one can find for Fig. 10b 
an equivalent problem in which the emf’s are all lo- 
cated along horizontal planes. The schematic SP pro- 
file of Fig. 10c can then be drawn on the basis of the 
resistor network data. A reduced SP deflection of (Esx 
—E,-) is seen in the bottom of the sand as compared 
with the full deflection of (Ey, + E,,) in the top of the 
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sand. This is an SP reduction of (E,,. + E,,) in the 
bottom of the sand. 


The theoretical profile of Fig. 10c is well borne out 
by the field example of Fig. 11. 


EXAMPLE (Fic. 11) 

Fig. 11 shows the overlap section of two induction 
electrical logs run on a well in Assumption Parish, La. 
On the first run (left) the water-bearing sand sections 
at A, B, and C all show invasion (Ry > Rr) and all 
show SP’s of about — 125 to — 130 mv. 


On the second run (right) six days later, these inter- 
vals show practically no invasion (Ri = Ri,). The SP 
over these intervals is also reduced considerably. In 
fact, the reduced SP’s are rather uniform in magnitude, 
around — 85 to — 95 my in each case. The more-or- 
less uniform reduction evidently corresponds to forma- 
tion water just behind the mud cake (as in the lower 
part of Fig. 10c). The gradual increase of SP in the 
top of Zone C (Fig. 11 , Run 2) may correspond to 
a zone of diffusion in which the activity of the water 
behind the mud cake grades from a, at the bottom 
tO Gn, at the top. 


If one tentatively assumes that the formation water 
is in contact with the mud cake, a rough estimate of 
E,,- may be made as follows. 

Formation temperature at 10,800 ft is 180°F. For 
this temperature K,, — 71 and K;,; = 14; so, in the 
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absence of a mud cake membrane emf, K = 71 + 14 
= 85, and E,, = (Kis/K) X SP = (14/85) X 130 
PAY) 

The reduction of the SP [= (E,,. + E,,;] is about 
40 mv. It is seen then that E,,, is about 40 — 20 
or 20 my, corresponding to K,. = 13. If the water in 
contact with the mud cake is not the formation water; 
but has a somewhat lower activity, then the value of 13 
is a lower limit for K,,.. The near uniformity of the re- 
duced sand line suggests, however, that the formation 
water was actually in contact with the mud cake. 

In this field example the solution-pairs (a@,, and da.) 
correspond respectively to NaCl solution concentrations 
of about 0.1 and 2 N, whereas the laboratory measure- 
ments of E,,, and K,,, values were made with solutions 
no stronger than 1 N. However, inspection of Table 
2 shows that for higher concentrations the K,,, values 
become smaller; for solution-pairs of 0.1N/2N, Kn. 
might range from 2 or 3 to 15, perhaps. 

But also, the effect of compaction in the borehole 
must be considered, which tends to increase K,,,. So a 
value of K,,. of 13, as found earlier, is not at all un- 
reasonable. 

In any case an appreciable reduction of SP is indi- 
cated when the a,,,; — a,, contact is across the mud cake. 


EXAMPLE (Fic. 12) 

Fig. 12 shows the overlap section of two induction 
electrical logging runs 11 days apart on a well in Smith 
County, Miss. The first and second run SP curves are 
shown in the left-hand track. The corresponding induc- 
tion electrical resistivity logs are shown respectively in 
the second and third tracks. The MicroLog and micro- 
caliper log were recorded at the same time as the sec- 
ond induction electrical run. 

The zone of main interest is shown by the shaded in- 
terval (9,535 to 9,552 ft). On the first run resistivity 
log the zone shows invasion. On the second run the 
depth of invasion has very obviously decreased as indi- 
cated by the decreased separation between 16-in. normal 
and induction curves. Outside of the zone the second 
run short normal is generally higher, the separation from 
the induction curve is greater and increased invasion is 
indicated. 

Indications of shallow invasion in the zone of interest 
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at the time of the second run can be seen on the micro- 
resistivity curves by the readings and a tendency to 
show negative separation, indicating that both Micro- 
Log curves are reading R, rather than R,,. 

Corresponding to the decreased invasion the SP de- 
flections have decreased in the zone by the amount in- 
dicated by the cross-hatched area on the second run 
curve. The SP minima at a, 6 and c correspond to the 
minimum separation on the second run resistivity and 
MicroLog; i.e., to the depths at which the invasion has 
most nearly gone to zero. Study of this correspondence 
suggests that the emf across the mud cake is greater in 
several narrow depth intervals within the zone, and is 
less between these intervals possibly because there the 
water behind the mud cake is less saline (less contam- 
inated with formation water. 

It is of interest to note that the zone of reduced SP 


is not at the bottom of a sand body, as was implied in 
the gravity segregation explanation. Cases in which 
there is a reduction of the SP due to the mud cake emf 
generally seem to correspond to rather highly permeable 
zones. Cases where the reduction of invasion is in the 
middle of the sand section may be related to a higher 
permeability in that part of the bed; the SP minima at 
a, b and c, may correspond to streaks of maximum 
permeability. 

Although it would be expected that the SP reduc- 
tion phenomenon might be correlated with a low water- 
loss characteristic of the mud, no clear correspondence 
has become apparent. It is possible, of course, that sur- 
face measurements of water loss do not give a clear 
picture of the performance of the mud cake under the 
actual conditions in the hole. 


PART III — Increase of SP on Successive Runs 


The reverse phenomenon to that just discussed; i.e., 
an increase of SP with increasing invasion, has also 
been observed, and can be explained along similar lines. 

On the right of Fig. 13 is shown schematically the 
emf’s and SP currents in an invaded sand when the 
mud cake emf is included in the chain. Corresponding 
to the activities shown, the expression for the emf’s 
are, 


Esa = Ksu log. (A) 


The activity a., is that of the fluid just behind the 
mud cake and not the average activity of the invaded 
zone. 

If, as appears to be usually the case in permeable 
formations, the zone just behind the mud cake has, at 
the time of the logging run, been completely flushed 
by the invading filtrate, then a,, becomes the same 
aS Anse 

However, if the nature of the bed is such that the 
flushing is inefficient, it is conceivable that a,, should 
differ from a,,, in the direction of a,,. As a result there 
will be an emf across the mud cake and the liquid-junc- 
tion emf, E,,, will be less than that computed on the 
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basis of an activity ratio (a,,,/a,). Both of these effects 
will contribute to lowering of the first run SP below the 
value expected from Eq. 1. 

As invasion progresses flushing continues and the 
flushed zone activity, a,,, approaches a,,. On a later 
logging run, therefore, the emf across the mud cake 
would decrease, the liquid-junction emf, E,,, would in- 
crease, and the total emf would approach the value of 
Eq. 1. Using Eqs. 3, 4 and 5 it can be found that 
the SP change between Run 1 and Run 2 will be 


2 
ASP = K;,) 108. ° (6) 


An upper limit to the possible SP growth would cor- 
respond to @a,, (Run 1) = a, and a,, (Run 2) = @y;. 
At 75°, (Kn. + Kz,) might be of the order of; 15 + 
12 = 27, and the upper limit of ASP would be about 
27/71 or 0.4 of the total electromotive force as given 

A few examples have been observed where an in- 
crease of SP on successive runs was correlated with in- 
creased invasion. Many cases have also been noted 
where increased invasion did not appear to affect the 
SP deflection. It must be concluded in these latter in- 
stances that flushing just behind the mud cake was al- 
ready complete at the time of the first run. 


FIELD EXAMPLE OF INCREASING SP 


Fig. 14 shows the first and second run induction elec- 
trical and MicroLog recordings, taken two days apart, 


SECOND RUN 
2 DAYS LATER 


FIRST RUN 


[Resistivity MIC 


Bi Size 7 778° Bit Size 7 7/8 

Fic. 14—Fietp ExampLte or SP INcREASE WITH INCREASED 
Invasion oN Seconp Run, Harper County, OKLA. 


59 6" NORM 50|0_Microinverse 20] 
| : : | | 
= = | 

145 


through a section of the Chester Lime (Upper Missis- 
sippian) in a well in Harper County, Okla. Since the 
mud weight is about the same on the two runs (9.0 
and 9.2 Ib/gal) no appreciable effect on the SP due 
to electro-filtration is expected as a result of a change 
in hydrostatic pressure in the hole. 

The sand at 6,351 to 6,376 ft shows an SP of — 45 
mv on the first run and — 65 mv on the second. About 
5 mv of the change is accountable to a change in R,, 
from 0.36 at BHT on the first run to 0.4 on the sec- 
ond. The SP growth thus properly amounts to 15 my, 
about 23 per cent of the second run SP, An accompany- 
ing increase in the 16-in. normal indicates increasing 
depth of invasion. An increase observed in the Micro- 
Log readings in the sand was verified to correspond to 
an increase in the value of R.,,. 

Expected porosities in this zone are much less than 
10 per cent and permeabilities usually less than 0.1 md. 
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APPENDIX 


That the SP found from Fig. 3c is the same as that 
from Fig. 3b is seen as follows. 

In the SP problem mathematical expressions for the 
potentials in each respective homogeneous medium are 
found as solutions of Laplace’s equation satisfying the 
appropriate boundary conditions. 

Laplace’s equation, in vector notation is, 

where V is the potential as a function of position. 

The conditions to be satisfied at boundaries between 
contiguous media are as follows. 

1. The normal component of current density across 
the boundary must be continuous. By Ohm’s law this is 
equivalent to saying that 
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o, grad, V; = o, grad, V, (at boundary) ,. (8) 
where o, and o, are respectively the conductivities in the 
two media, and where grad, V, and grad, V, are respec- 
tively the normal components of the gradients of the 
potential in the two media next to the boundary. 

2. In the absence of an emf, the potential V must be 
continuous across the boundary. 

where V, and V, are respectively the potentials in the 
two media next to the boundary. 

3. If there is an emf on the boundary, the potential 
must have a discontinuity across the boundary of mag- 
nitude equal to the emf and of appropriate sign. 

V.=V, = emf (at boundary)~. 2 

With reference to Fig. 3b the potential functions in 
the various media are designated as V,, in the mud, 
V, in the invaded zone, V,, in the salt water zones and 
Vew in the adjacent shales. 

According to the transformation given in the text, 


Ven’ = Vsx + appropriate constant . . (13) 


It is to be demonstrated that the primed V’s are the cor- 
rect solutions for the potential in the various media in 
Fig. 3c when the unprimed V’s are correct potential so- 
lutions of Fig. 3b. The converse will then also be true. 

It is seen that the transformed (primed) functions 
are solutions of Laplace’s equation, since the original 
(unprimed) functions are, and the corresponding 
primed and unprimed functions only differ by constant 
amounts; e.g., div grad V,,’ = div grad (V, — E,,) = 
div grad V,, = 0. 

As for the boundary conditions, consider the invasion 
front boundary. In Fig. 3b the boundary conditions 
satisfied at the invasion front are, 

and 

From Eq. 14 it is seen that grad, V,,’ = grad, (V. 
— E,;) = grad, V,, since E,, is a constant. In view of 
this and Eqs. 12, 14, 15 and 16 at the invasion-front 
boundary in Fig. 3c, 

By Eq. 17 the transformed potential functions, V,,’ 
and V,’, correspond to no potential discontinuity, hence 
no emf, across the invasion-front boundary. By Eq. 18 
the requirement of current continuity is satisfied by 
these functions at the invasion front boundary. 


In like manner it is possible to verify, at each of 
the other boundaries in turn, that the transformed po- 
tential functions satisfy the current continuity require- 
ment and the potential continuity or discontinuity con- 
ditions implied by the boundary emf’s shown in Fig. 
3c. It then follows that since the primed potential func- 
tions are solutions of Laplace’s equation and satisfy the 
boundary conditions of Fig. 3c, they are solutions of 
Fig. 3c. 


Furthermore, since by Eq. 5 the potential in the mud 
is the same in both Fig. 3b and Fig. 3c, the SP will 
be the same in the two cases, and can be found from 
a solution of Fig. 3c. took 
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It has been a matter of concern to the petroleum 
industry to determine what effect the capillary term has 
on saturation profiles, since these profiles determine 
ultimate economic oil recovery. In their original solu- 
tion of the non-capillary two-phase flow problem, Buck- 
ley and Leverett’ showed that solutions of the two- 
phase flow equations became multiple-valued in satura- 
tion. Since it is physically unrealistic for saturation to 
have more than one value at a given position, Buckley 
and Leverett resolved this difficulty by introducing a 
saturation discontinuity or “shock”. They evaluated the 
strength and position of the shock from material balance 
considerations. 

Recently Sheldon, Zondek and Cardwell’ have dem- 
onstrated that the method of characteristics can be used 
to solve this and related problems. Owing to capillarity 
it is physically unlikely that saturation shocks occur 
in an oil reservoir. Buckley and Leverett suggested that 
the effects of interfacial tensions should be included in 
the fluid flow equations, if the solutions are to give 
continuous single-vaiued saturation distributions. An 
analogy to this problem is encountered in the theory of 
supersonic compressible flow where the introduction of 
the viscous term eliminates shock behavior. However, 
the mathematical form of the capillary term in the 
porous medium fluid flow equations differs from the 
viscosity term in the Navier-Stokes equation. This paper 
demonstrates that capillarity does eliminate the triple- 
valued behavior and indicates the magnitude of capillary 
and gravity effects on the saturation profile for a 
variety of systems. 


DERIVATION OF LAGRANGIAN AND EULERIAN 
FORMS OF THE DISPLACEMENT EQUATION 


The equations representing capillary, two-phase flow 
are given by applying Darcy’s law and a material bal- 
ance condition for each phase. The familiar Darcy and 
material balance equations are as follows. 
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S is the saturation of the water phase, and 6 the 
inclination of the porous medium, Pressures in the oil 
and water phases differ by the capillary pressure asso- 
ciated with the interfacial tensions, 

where p, is determined experimentally. The porous 
medium is said to be oil-wet if P,, > P, and water-wet 
if P,, < P,. If the fluids are incompressible and the total 
volumetric flow rate, g, is constant, then 

By eliminating P,, P,, and v, from Eqs. 1, 2, 5 and 6 
it follows that 


qd 


1 \ 4, Cho 


It is convenient to normalize the variables in the 
problem after the manner of Handy and Hadley’ so that 
Eqs. 3 and 7 become 


(8) 
f G(S) (9) 
where f, = =e, the fractional flow of water; 
q 


G(S) = F,, (1 — Nek,.) , the gravity function; 


NCE the capillary function; 
ay 


(: 
[ol [od 
x qt Pp. 
xX = — sand Po = 
IC, Lo P, 


(P, is a capillary pressure normalizing constant.) 
Substitution of Eq. 9 into Eq. 8 gives 
0S  dG(S) oS Gh) 
=0 . do 
In this partial differential equation for an initial value 
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problem, S is the dependent variable and X and Tr are 
independent variables. We call this the Eulerian form 
for the fluid flow system, since S in this equation is the 
saturation which an observer located at X would observe 
as a function of 7. Essentially this equation was ob- 
tained by Rapoport and Leas’. 


From Eq. 8, 


(as). =~ Gr), (Gs), 


Transforming partial derivatives, 


aS\ 


so that Eq. 8 becomes 
Substituting Eq. 9 into Eq. 11 gives 
GhE(S)) 
dS) 
This equation is similar to that obtained by Buckley 
and Leverett’ and Terwilliger, et al’, and will be called 
the Lagrangian form because X in this equation is the 
value an observer moving with a fluid element carrying 
saturation S would observe, as a function of 7. 


or 


(12) 


THE CHOICE BETWEEN LAGRANGIAN AND 
EULERIAN FORMS FOR A NUMERICAL 
SOLUTION 


The Buckley-Leverett solution of the two-phase dis- 
wlacement problem gives a multiple-valued solution. 
We desire to verify that the introduction of the capillary 
term eliminates the multiple-valued behavior so that the 
hypothesis of shock behavior is no longer necessary. 
In addition, we wish to determine the degree of smooth- 
ing of the saturation discontinuity caused by introduc- 
tion of the capillary term. Numerical techniques are 
necessary since no solution to Eqs. 10 or 12 has been 
obtained by analytic methods. 

If the Eulerian form of the partial differential equa- 
tion is replaced by a finite difference approximation, 
solutions are determined for finite time intervals in 
terms of saturation values at fixed X mesh points. Since 
only one value of S is associated with each X-point, it 
is impossible for the difference equations obtained from 
the Eulerian partial differential equation to yield triple 
values. A further limitation to the Eulerian method 
arises from the existence of a finite upper limit to the 
slope that the saturation profile may reach. The upper 
limit is determined by the ratio of the range in S§ 
values to the size of the X increments. In practice this 
upper limit cannot be achieved due to an added smooth- 
ing effect introduced by the nature of the solution of 
the difference equations. Further, we note that C(S) 
in Eq. 10 is zero when S = S,,,, making Eq. 10 singular. 

Inspection of a triple-valued Buckley-Leverett profile 
shows that in the Lagrangian form the dependent 
variable X(S,T) is single valued, even though S(X,T) 
is triple valued. In addition, when S(X,7T) has a steep 
frontal behavior X(S,T) is a slowly varying function, 
so that the two fundamental disadvantages associated 
with the Eulerian method are not encountered in the 
Lagrangian formulation. Either the triple-valued or the 
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steep frontal behavior may be calculated in a finite 
difference solution of the Lagrangian equation. Some 
disadvantages associated with the Lagrangian method 
will be discussed subsequently. 


COMPATIBILITY RELATIONS ASSOCIATED 
WITH. THE DISPLACEMENT EQUATION 


Examination of Eq. 12 indicates that an initial dis- 
tribution selected in the solution of the capillary dis- 
placement equation must satisfy certain compatibility 
relations if a solution analytic in space and time is to 
exist. A discussion of these conditions is given in Ap- 
pendix 1. It is also shown that the velocity of the 
flood front at the interstitial saturation is given by 


where y is the exponent in the power expansion, 
If we assume that the flood front advances at a given 
velocity (say that given by the Buckley-Leverett front 
velocity), then the slope of the flood front at the inter- 
stitial saturation can be obtained from Eq. 16. For 
example, if 


dG 
= =0, th 


dx 
= Or 


and the flood front will be vertical at S = S,,.. 

In practice we found it is not important for the initial 
distribution to satisfy the compatibility requirement 
since it is a difference system of equations, and not the 
differential system which is solved by the computer. 
The behavior of the C(S) and G(S) functions near 
S =S,,, 18 controlled by the shapes of the relative per- 
meability and capillary pressure curves near the residual 
saturation. The detailed shape of the flood front is 
controlled by these properties. A variety of cases for 
which y = 1 and y = 2 were calculated and moderate 
variations in the shape of the flood front were obtained 
The results quoted in this presentation all relate to 
properties giving y = 1. 


BOUNDARY CONDITIONS FOR THE 
LAGRANGIAN METHOD 


In the Lagrangian method saturation is an independ- 
ent variable. The extremal values of S are Sy = 1 — S,, 
and S, = S,,,. At the input end of the water drive the 
saturation rapidly rises to 1—S,, for flow rates of 
practical interest. Thus, we set X =O at S=Sy. 
Physical observations indicate that the foot of the sat- 
uration profile moves with finite velocity. We find that 
stipulation of finite velocity is a sufficient condition to 
derive a mathematically proper boundary condition at 
S =S,,. It is shown in Appendix 1 that the condition 


OX 
( Ne be finite leads to the equation, 


oT 
0X 0G oC OX 
aT 0S as ay at =e 


Eq. 16 is used as the boundary condition at § = S,. 


It is not clear that this condition is satisfied in Eulerian 
difference systems. 
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An important disadvantage of the Lagrangian method 
is that there is no simple way of showing the behavior 
of the saturation profile when breakthrough of water 
occurs at the output well. However, when breakthrough 
occurs the saturation front disappears from the system, 
and Eulerian methods may be used to solve the problem. 


FINITE DIFFERENCE EQUATIONS AND THE 
METHOD OF SOLUTION 


The finite difference equations were set up to give 
a material balance. Since continuity of material is the 
physical principle determining the displacement process 
using this principle in drafting the difference equations 
should give the most accurate results. An implicit 
scheme was employed with facilities available for 
changing the centering of the difference scheme in time. 
It was found that the scheme in which the equations 
are centered in time and space gave satisfactory results. 
Newton’s iteration technique was used to solve the set 
of nonlinear algebraic equations associated with the 
implicit scheme. About three iterations per time step 
were required in most cases. The permeability and 
capillary pressure functions were entered as tables with 
values smoothed to second differences. Quadratic inter- 
polation was used in the table look-up procedure. Addi- 
tional computations were performed by the machine 
to obtain pressure distributions, fractional flows and 
material balance errors. The material balance error in 
this formulation of the difference scheme indicates the 
accuracy to which the nonlinear difference equations 
are solved. 

Some details of the finite difference scheme are given 
in Appendix 2. 


NONWETTING PHASE AND WETTING PHASE 
DISPLACEMENT 


The equations and problem logic indicated in Ap- 
pendix 2 were programed for solution on the IBM- 
704 computer. Properties chosen for the oil-wet and 
water-wet systems were obtained from laboratory meas- 
urements. The forms of the k,, k, and P, curves are 
indicated in Figs. 1, 2 and 3. These functions were 
entered into the machine as smoothed input data in table 
form. The program used quadratic interpolation for 
evaluating intermediate points. Gravity was not in- 
cluded in the first cases. The machine-computed capil- 
lary functions C(S)/N. are indicated in Fig. 4, The 
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progress of a flood front for a medium rate displace- 
ment of a 1.71-cp viscosity oil is illustrated in Fig. 5 
for the oil-wet case, and in Fig. 6 for the water-wet 
case. Samples of the program-calculated Buckley-Lever- 
ett profiles are shown. 

Fig. 7 compares the profiles for various flow rates 
with a 1.71-cp oil in an oil-wet medium and the results 
for the corresponding water-wet system are shown in 
Fig. 8. Fig. 9 gives the corresponding comparison for a 
8.96-cp oil in an oil-wet system. (For clarity the pro- 
files illustrated are not at identical times.) Inclusion 
of the capillary term led to a single-valued solution 
in all cases. When flow rate is high the solution approxi- 
mates the Buckley-Leverett shock solution. In problems 
where flow rate is high, it was found that small errors 
arising in the solution of the difference equations can 
lead to an erroneous triple-valued result. However, by 
reducing the time-step size, this error (which is really 
associated with the computed value of 0X/0S in the 
region of the front) is sufficiently reduced to produce 
the true single-valued solution. 

An automatic procedure was added to the program 
by which if a solution became triple-valued on a par- 
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ticular time step, then that time step was recomputed 
with the time interval halved. In problems with very 
high flow rate the computation time becomes rather 
large. With 50 saturation points approximately 20 min- 
utes of 704 computer time was required to calculate 
a problem to break through for a medium flow rate 
(q = 3.40 X 10° pore vol/sec). This time could have 
been reduced by taking larger time steps, but since it 
was our purpose to calculate the front shape accurately 
this was not attempted. At high flow rates (q = 17.3 x 
10° pore vol/sec) the single-valued solution required 
about 2,000 time steps taking approximately 45 minutes 
of computer time. In the erroneous triple-valued runs 
we found that calculation of a saturation discontinuity 
in the same manner as for a Buckley-Leverett solution 
gave a result almost identical with the single-valued 
solution (see Fig. 10). The errors in material balance 
were usually less than 2.0 per cent. 


OFSGRAVITY ON DHE 
DISPLACEMENT PROCESS 


Gravity calculations were made for a gas-drive system 
(neglecting the effect of gas compressibility). The com- 
puted gravity function, G(S), and capillary function, 
C(S)/N., are illustrated in Fig. 11. In Fig. 12 the 
results of two noncapillary runs in which gravity is 
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respectively assisting and opposing production are com- 
pared. In Fig. 13 the effect of the introduction of the 
capillary term on these gravity drainage systems can 
be seen. 


Another problem of interest relates to gravity segre- 
gation of two fluids within a porous medium. In a 
practical situation the producing behavior of an oil 
field is influenced by segregation of fluids, and con- 
sequently, it is important to know the rates of such 
segregation and the associated saturation profiles. In a 
gravity segregation process the total flow rate, q, is 
zero. To solve this problem the normalization in Eq. 
12 has to be changed and aes redefined as 

G(S) now has the form sow in “Fig. 14, The com- 
puted profiles for a system in which water was initially 
above oil are given in Fig. 15. The dashed curves are 
the noncapillary solutions. The twin opposite moving 
fronts associated with gravity segregation are apparent. 
It can be seen that addition of the capillary term modi- 
fies both rate of segregation and saturation profiles. 
Similar profiles are shown in Fig. 16 for the problem 
in which oil is initially above gas. The difference in 
specific gravity of the two fluids is greater in this 
example than in the water-oil system so that segrega- 
tion rates are faster, but the effects of capillary pres- 
sure are smaller. 


When effects of capillary pressure are ignored it is 
possible to calculate some gravity drainage problems by 
the Welge” method. A more general graphical method 
involving the use of the method of characteristics 
(Sheldon, Zondek and Cardwell’) is also applicable. 


ws input Boundary 


=» Output Boundary 


Solid Lines —With Capillarity 
Dotted Line — Without Capillarity 


— Buckley—Leveret! Profile 


x 
> 
.470+ 
n | 
| 
= | 
360+ 


Distance, X 
Fic. 6—Procress oF FLoop Front (yu, = 1.71 cp; g = 1.10 x 
10° cm*/cm*/sec). WATER-OIL, WATER-WET SYSTEM. 


—Input Boundary 


Output Boundary 
£60 7 
684 9=0.134 x 
=0.0' 3, 3 
q=0.0268 x 
4,532 
x10 
.456 / 975.58 
° Bl Buckley-Leverett Profile 
2 .380+ 
° 
g 
= 
! 
-O76F 
| 
L 1 | 1 


Dimensionless Distance, xX 


Fic. 7—Errect oF Frow Rate on SATURATION 
PROFILE (yu, = 1.71 cp). Warer-ort, OrL-weET 
SYSTEM. 


PETROLEUM TRANSACTIONS, AIME 


| 
/ | 
/ | A-Sor*.80 
| 
| 
| 
| 
| 
| ' 
\ | 
-.12 | 
| 
| i) 
| 
| 
| | | 
| 
i 
| | 
lat | 
| | 
-.26 | | 
800 
T45A\ 
690+ 
\ 
.635 \ 
O76} 


s-!nput Boundary Output 


800) 
745 | 
-690) 
=27.9 x10 /em*/sec) 
o 3 3 2 ei _—Buckley - Leverett 
q=5.58 x1Q em/em{sech Profile 
525+ 
.415- 
| 
| 
! 
305;- | 
/ 
10) 2 3 4 5 6 
Dimensionless Distance, X 


Fic. 8—Errecrt oF FLow Rate ON SATURATION 
PROFILE = 1.71 cp). Warer-o1L, WATER-WET 
SYSTEM. 


Input Boundary Output Boundary 


| 
684 = 
A= 9.134 x10 cm*/em*/sec ) 
608 9=0.0268 x 
/ vA 
532 / 
= / 
456 / 9=1.09x 10 *(cm*/em*/sec) 
/ \ ars 58 x 
5 \ Buckley - Leverett 
| \ 
Profile ) 
| 
= 
O76r 


Dimensionless Distance, X 

ric. 9—Errect oF Frow RATE ON SATURATION 

PRoFILE = 8.96 cp). WaAtTER-OIL, OIL-WET 

SYSTEM. 


Output Boundary +4 


f--Input Boundary 
le) 


Without Triple-Value 


.228> With Triple-Value 


Water Saturation, Sw 
: w 
ro) 


Routine = 
\ 
\ 


“Dimensionless Distance, X 


Fic. 10 — ComPaRISON OF TRIPLE-VALUED AND 
SincLE-VALUED PROFILES. WATER-OIL, OIL-WET 
SysTEM. 


VOL. 216, 1959 


1.6 
Capillary Function x 
| 
if \ 
/ | 
hap \ Gravity Functions: 
wis ! \ Against Gravity 
i With Gravity 
= 
o | 
2 
c 
5S 
e 
2 
re 
A it 1 
10) A 2 3 4 5 6 AE 8 9 1.0 


“Gas Saturation, Sg 


11—DIMENSIONLESS GRAVITY AND CAPILLARY 
Functions. Gas-o1L, OrL-weT SysTEM. 


Input Boundary Output Boundary —_,) 


With Gravity (-) 


Buckley - Leverett 
Against Gravity (+) 


Gas Saturation, Sg 


224 


Dimensionless Distance, X 


Fic. 12—InFLUENCE OF GRAVITY ON SATURATION 
Prorite, NoNcApILLARY Case, Gas-oin, 
SYSTEM 


fre_Input Boundary Output Boundary —_J 


560 


464 


416 


With Gravity (-) 


Gas Saturation, Sg 
nm 


Against Gravity (+) 


1 + 


Dimensionless Distance, X 


Fic. 13—InFLUENCE OF GRAVITY ON SATURATION 
PROFILE, CAPILLARY CASE. GAS-OIL, OIL-WET 
SysTEM. 


560 
512+ | 
| 
464 
416 | 
368 
| 
INS | 
— | 
| | | 
608 | | 
5321 | 
| | 
\ 
\ | 
| | 
\ | 
| \ 
| | | 
“SS 
/ 
| 
i76} | 
| | | | 
128} | 
151 


18 T 
| 
| 
| 
| Gas- Oil \ 
System | 
ab | 
13h 
2 | 
° | 
-10b Water -Oil 
c 
2 System | 
5 
| 
| 
> | 
| 
» | 
| 
| 
Ee aie 
| 
| 
6 I-Sor#056| = 0.76 
AM, 0.08 | 
2 4 5 6 9 1,0 


Water or Gas Saturation, S 


Fic. 14—DimMENSIONLESS GRAVITY FUNCTIONS, 
GRAVITY SEGREGATION Cases. WATER-OIL AND GAS- 
Ort SysTeMs. 


The noncapillary gravity drainage and gravity segre- 
gation examples were checked using the characteristics 
method and found to give excellent agreement with 
machine-computed noncapillary solutions. 


COMPARISON OF METHODS 


In Fig. 17 a comparison is made between the result 
of a finite difference solution of the Eulerian form 
(Eq. 10) and the corresponding Lagrangian solution. 
In this particular Eulerian solution 50 space cells were 
used; even though only three space points were needed 
to define the front, the degree of smoothing is apparent. 
The solutions match satisfactorily in regions not adjacent 
to the front. Recently Blair, Douglas and Wagner’ have 
presented a novel Eulerian technique in which the prob- 
lem was solved using a transformed saturation variable. 
They show that the transformed variable can change 
more slowly than the saturation itself in the vicinity 
of the front. However, it is possible that any small 
amounts of smoothing in the transformed variable may 
be magnified in the inverse transformation to satura- 
tions. Another problem encountered in the transforma- 
tion method is associated with the behavior at the foot 
of the flood front. Blair, Douglas and Wagner were 
obliged to use a small mobile water saturation ahead 
of the front to move the base of the flood front. This 
small amount of saturation can cause the development 
of a pronounced foot ahead of the flood front. For slow 
displacement rates in water-wet systems, this can lead 
to a large and possibly erroneous “pile-up” of water 
at the outflow boundary. The rate of advance of the 
lowest mobile saturation is determined by Eq. 16. 


OX 


This equation was used as a boundary condition in 
the Lagrangian program and few of the results obtained 
indicate the growth of saturations ahead of the front. 

At slow rates of injection the use of the boundary 
condition, $ = constant, at the input boundary in the 
Lagrangian method is incorrect. Fortunately a com- 
parison between Lagrangian solutions (which use this 
incorrect condition) and the results of Eulerian cases 
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with the more accurate f, = 1 condition indicate good 
agreement near the input face. 

Terwilliger’ and Welge’ have proposed that the actual 
fractional flow curve (f,,) should approximate the 
tangent to the Buckley-Leverett F,, curve below the 
cut-off saturation, and the Buckley-Leverett flow itself 
above this saturation. The comparison between this 
suggestion and the machine-computed fractional flow 
is given in Fig. 18. The computed curve is close to, but 
never touches the Welge curve. In the Terwilliger 
stabilized zone integral use is made of the relation, 
fo =F. + C(S) 0S/aX, to calculate the shape of the 
stabilized front. A compariscn of the stabilized front 
calculated with a Welge F,, and the corresponding 
Lagrangian front is indicated in Fig. 19. Good agree- 
ment is obtained for a moderate range of saturation, 
but it can be seen that the stabilized zone integral ap- 
proaches the Buckley-Leverett cut-off saturation asymp- 
totically (this behavior can be proved analytically). It 
was concluded that the stabilized zone integral should 
give a satisfactory result up to approximately 0.7 of the 
cut-off saturation, but the integral can never be joined 
satisfactorily to a Buckley-Leverett solution. 

As mentioned, the Lagrangian method cannot be 
used to calculate an after breakthrough situation. 


SUMMARY 


The following conclusions can be drawn about the 
solutions representing incompressible two-phase flow. 
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{. The inclusion of the capillary term does eliminate 
a triple-valued saturation behavior. 

2. Gravity and capillary pressure will only cause 
significant changes to a Buckley-Leverett profile for 
slow displacement rates. 

3. Gravity segregation rates can be appreciable, and 
the capillary pressure term will contribute significantly 
to the process. 

4. Eulerian techniques should be used to calculate 
after breakthrough situations or slow flow rate problems 
in which accurate results near the input boundary are 
required. 

5. Lagrangian techniques should be used to calculate 
accurate front profiles, although adequate engineering 
approximations may often be obtained by Eulerian finite 
difference schemes. 

6. The Terwilliger stabilized zone integral will give 
an adequate front shape for saturations up to approxi- 
mately 0.7 of the Buckley-Leverett cut-off value. 


The authors wish to thank T. D. Mueller for his 
interest and suggestions in this work, B. Zondek for 
pointing out the existence of compatibility conditions, 
L. Handy for supplying laboratory data and L. Hopkins 
for assisting with the computations. 
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APPENDIX 1 


COMPATIBILITY RELATIONS ASSOCIATED 
WITH THE DISPLACEMENT EQUATION 


Eq. 12 may be written 
ards ox 
és. 
where s = S — S,,,. On physical grounds we wish to 
have Lim 0X/dT as s— 0 finite. Now as s—> 0, dG/ds 
either goes to zero or becomes very small (depending 


on (<=) OF 


(13a) 


ds 
Thus, near s = 0, 
és 


If X(s,7) is a regular function of saturation ad- 
vancing regularly with time, then it may be expanded 
about=s= 0. to give X = x, + 
For C (s) we may write 
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s—>.0 
If the velocity is to be finite, we require y = a, giving 


oT s=0 ds s=0 


This result is equivalent to 
ox dG oC 
(16) 


Eq. 13a may be rewritten, 
aX dCox 


oT \ os ds \ Os ds os 
(13b) 
If G(s) is a behaved function it be expanded. 
Substituting Eqs. 14a, 14b and 14c into Eq. 13b gives 


= GS FE = 1) + 
Comparing powers of s on both sides of the equation, 
and s’****?, occur where p can have integral values of 
With the assumption that a, 8 and y 
are non-integral, and using y = a, comparison of these 
powers leads to the result, y = 8 — 1. This result may 
not be necessary if a, 8 and y are integers. 


Now by definition, C(s) = N.F,,k,., 
and 
G(s) F,(1 Nek;o) . . (18) 
so that as s 30, 
N.G(s) dP. 
Thus, as s > 0, 
INES? 
1 =F Nz d f Qo 0; 
thus 
dP. 1 
ds 


In the case of an oil-wet medium it is known that 
P, > P, as s—> 0 and this is not consistent with the con- 
dition for dP./ds. For a water-wet medium P,— o as 
s— 0 and dP,/ds— —o as s—0. The condition dP,/ 
ds ~ 1/s is consistent with these properties. It is con- 
cluded that for an oil-wet medium, a, 8 and y must be 
integral, but for a water-wet medium a can be fractional 
— 

Certain compatibility relations can be derived when 
the values of y and £ are known. One case of interest 


is for an oil-wet medium in which (=) = 0 (see 
as s=0 


Fig. 3). For this case «a = 8 = y. y must be integral 
and will equal two or one depending on whether (42) 
s=0 


= 0 or ~ 0. When y = 1, the compatibility relation 
obtained by comparing coefficients of powers of s is x, 


= 8, + ¢,/x,, which is a repeat of Eq. 16. When y = 2, 
the relations 
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2c, 


must be fulfilled. 


(19) 


APPENDIX 2 


DIFFERENCE EQUATIONS AND METHOD 
OF SOLUTION 


The total water balance over S,, Sy is 
XdS G 
80 
Let X’, X refer to consecutive times. By interpolation 
X = aX + (1 —a)X’ refers to an intermediate time 
(a is a centering parameter). The difference balance 
equation for S, < S < % (S, + S,) is 


(20) 


G,-—G,+% (S, — S.) 


(21) 
V(x, = 
This equation replaces the boundary condition given by 
Eq. 16. 
The difference balance equation for %2(S,_, + S;) 
< S <= (S; + Sus) 18 


G G 
) AT 
Where i takes the values 1, 2,3..., N — 2. 
The difference balance equation ‘for Ya (Sy. + 
<I 
(S; §; AT 
X 
Cx -3/ N-1 N-2 


This equation has the boundary condition X, = 0 in- 
cluded. There are N nonlinear algebraic equations in 
the N unknowns X,, X,...Xy_,. After substituting 

a a 
into Eqs. 21, 22 and 23, a system of equations of the 
following form is obtained. 
fo(Xo, X1) = 0; 

These algebraic equations were solved by Newton’s 
iteration method. Let f; , denote df,/2X;, etc. Then New- 
ton’s method is defined by the equations fey Wess 


4-1 


x; 


and 

where i=0O, 1, 2,...N—1, anil n is the iteration 


number, 


The N linear equations of Eq. 25 are solved for the 
increments u’. The iteration process is said to have con- 


verged when Max |f"| < «. A more complete discussion 
of Newton’s method and its application has been given 
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by West, Garvin and Sheldon*. For i = 1, 2,...N — 2 


a AT (S; S;) 
| — Si) 
aXT 
1,4-1 = . 28 


The other partial derivatives may be obtained in 
a similar manner. The equations for i= 0 and i = 
N — 1 have minor modifications. In solving Eq. 25 a 
tridiagonal matrix is obtained which inverts to give the 
relations 


f #-1,i-1 
where 
= 30 
(30) 
and 
f 


J 


CALCULATION OF PRESSURE 


The dimensionless pressure of the injected water 
phase satisfies the equation, 


On ) 
as CS) p os 
This equation may be approximated by 


These relations fix the pressure apart from an additive 
function of time, given by the pressure at the flood 
front. 
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MATERIAL BALANCE 


The dimensionless quantity of water, V, in the system 
at the time, 7, is given by 


4=1 


Summing Eqs. 21, 22 and 23 leads to the result, 

Cy (Sy Sy.) 


The right-hand side of Eq. 35 should equal the result 
of using Eq. 34 in the left-hand side if there is zero 
error in material balance. 


CHOICE OF TIME INTERVAL AND 
INITIAL APPROXIMATIONS 


At the completion of a time step the change of X; is 
piven 

If the number of iterations required to complete the 
last time step was greater than M then the next time 
step was halved. Otherwise the next time step was de- 
termined by the following tests: (1) if L < Max AX, 
<M, the time step was unchanged; (2) if Max AX; < 
L, the time step was doubled; and (3) if Max AX; > 
M, the time step was halved. (M, L and M were pro- 
gram input parameters.) 

A guess for the initial iteration value was obtained 
by assuming that X, is a linear function of T. This gives 
AT 

The iteration method is said to be diverging if Max 
> Max |f""|. If divergence was occurring, the pro- 
gram had two options: to proceed to the next iteration, 
or to halve the current time step and recompute. The 
second option was usually more successful. kk 
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Observations Relating to the Wettability of Porous Rock 


EARL AMOTT 
MEMBER AIME 


AN VSS) ANG 


A test is described in which the wettability of porous 
rock is measured as a function of the displacement prop- 
erties of the rock-water-oil system. Four displacement 
operations are carried out: (1) spontaneous displace- 
ment of water by oil, (2) forced displacement of water 
by oil in the same system using a centrifuging pro- 
cedure, (3) spontaneous displacement of oil by water, 
and (4) forced displacement of oil by water. Ratios of 
the spontaneous displacement volumes to the total dis- 
placement volumes are used as wettability indices. 

Cores having clean mineral surfaces (strongly prefer- 
entially water-wet) show displacement-by-water ratios 
approaching 1.00 and displacement-by-oil ratios of zero. 
Cores which are strongly preferentially oil-wet give the 
reverse results. Neutral wettability cores show zero 
values for both ratios. Fresh cores from different oil 
reservoirs have shown wettabilities in this test covering 
almost the complete range of the test. However, most 
of the fresh California cores tested were slightly prefer- 
entially water-wet. 


The changes in core wettabilities, as indicated by this 
test, resulting from various core handling procedures 
were observed. In some cases the wettabilities of fresh 
cores were changed by drying or by extracting with 
toluene or dioxane; in other cases they were not 
changed. Contact of cores with filtrates from water-base 
drilling muds caused little change in wettability while 
contact with filtrates from oil-base muds decreased 
the preference of the cores for water. 

Using this test to evaluate wettability, a study was 
made of the correlation of wettability with waterflood 
nil recovery for outcrop Ohio sandstone and for Alun- 
dum. Results indicate that no single correlation between 
these factors applies to different porous rock systems. 
It is thought that differences in pore geometry result in 
differences in this correlation. 


ENT RO DU LON 


Most investigators who have reported on the wetta- 
bility of porous rock have described such rock as prefer- 
entially water-wet or preferentially oil-wet. In some 
cases a third classification, neutral wettability, has been 
used. The efficiency of water floods in each of these 
wettability groups has been described in numerous 
publications. Several methods for characterizing porous 


Original manuscript received in Society of Petroleum Engineers 
office Sept. 12, 1958. Revised manuscript received March 9, 1959. 
Paper presented at Fall Meeting of Los Angeles Basin Section in 
Los Angeles, Calif., Oct. 16-17, 1958. 

1References given at end of paper. 
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rock wettability more precisely have been reported,’ 
but it appears that because of one weakness or another, 
none of these has been generally accepted. Early in our 
studies in this field, it was found that the displacement 
efficiency of oil by water in a particular porous rock 
having a strong preference for water was quite different 
from that in a similar rock having only a moderate 
preference for water. Thus, there appeared to be a 
need for a practical, reasonably precise wettability 
test, one which could classify porous rocks into 10 to 
20 different groups rather than the two or three broad 
groups listed above. 


The test developed to meet this need is described in 
this paper. Also, changes in wettability, as indicated by 
this test, resulting from various core handling pro- 
cedures are discussed. Finally, data showing the corre- 
lation of wettability with waterflood oil recovery for 
two different types of cores are presented and discussed. 


Some confusion has resulted from the failure of 
certain writers to define clearly some of the wettability 
terms they have used. Accordingly, the following com- 
ments concerning definitions are offered. The wetta- 
bility of a solid surface is the relative preference of 
that surface to be covered by one of the fluids under 
consideration. It is felt that this is the generally accepted 
definition. The fluids being considered must be specified 
(or understood) before the term wettability has any 
significance. In the work reported here these fluids are 
water (3 per cent brine) and oil (kerosene). The term 
preferential wettability is sometimes used, but we think 
that the word preferential is redundant here and should 
not be used. 


In line with the definitions of Jennings’, a prefer- 
entially oil-wet solid surface is regarded as a surface 
which will show an oil advancing contact angle less 
than 90° (measured through the oil) in the water-oil- 
solid system. Oil will spontaneously displace water, if 
both are at the same pressure, from such a surface. 
A preferentially water-wet surface is analogous. This is 
consistent with the wettability definition above. As 
Jennings has said, frequently the term oil-wet is used 
to mean the same thing as preferentially oil-wet. How- 
ever, oil-wet also has been used occasionally referring 
to an oil-covered surface when the availability of water 
was limited. To avoid confusion from this source, 
we do not use the terms oil-wet and water-wet. 


DESCRIPTION OF WETTABILITY TEST 


The following points were considered desirable in 
a wettability test for our purpose. 


1. The test should be a displacement test resembling 
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in some degree the displacement which is to be studied. 
Thus, surfaces of very small pores and of cul-de-sacs 
within the rock would exert little influence in both the 
wettability test and in oil production from the rock by 
the water flooding under investigation. 

2. On the other hand, results of the test should re- 
flect rock wettability in a reasonably direct way. To ac- 
complish this, the test should be independent of easily 
described properties such as rock permeability and 
fluid viscosities. 

3. To avoid changes in rock wettability during test- 
ing, drastic core handling procedures should be avoided. 
It was thought, for example, that extracting or drying 
cores should be avoided. 

4. Results of the test should be capable of being ex- 
pressed in a simple way, preferably on a numerical scale 
covering the entire wettability range. 

5. The test should be convenient to run. 

A modified imbibition test was devised to meet these 
requirements. It involves measuring (1) volume of 
water spontaneously displaced by kerosene from the test 
core containing water and residual kerosene, (2) total 
volume of water displaced by kerosene after applying 
a high displacement pressure, (3) volume of kerosene 
spontaneously displaced by water from the test core 
containing kerosene and residual water, and (4) total 
volume of kerosene displaced by water after applying 
a high displacement pressure. 

No part of the test is radically different from conven- 
tional core handling procedures used in imbibition tests 
and in capillary pressure tests. However, the particular 
combination more nearly meets the requirements listed 
than do other tests which have been described. 

The core testing procedure is as follows. 

1. Flush core with water and with kerosene to re- 
moye most of the crude oil and formation water. 

2. Evacuate under kerosene to remove gas. 

3. Centrifuge under water to obtain core at residual 
oil saturation. 

4. Blot core and immerse in kerosene. Record volume 
of water spontaneously released after 20 hours. 

5. Centrifuge under kerosene and record total volume 
of water displaced. 

6. Blot core and immerse in water. Record volume 
of oil spontaneously released after 20 hours. 

7. Centrifuge under water and record total volume of 
oil displaced. 

Test results are expressed by two numbers, the ratio 
of spontaneous to total oil volumes displaced by water 
(displacement-by-water ratio) and the ratio of spon- 
taneous to total water volumes displaced by oil (dis- 
placement-by-oil ratio). 

The core holders used during the water displacement 
steps are funnel-shaped Lucite tubes calibrated so that 
the volume of water released can be read easily. Calibra- 
ted glass tubes of a similar shape are used in an inverted 
position for the oil displacement steps. These are shown 
in Fig. 1. These tubes are of such a size that they will 
fit into the standard metal shields (tubes) used in a 
laboratory centrifuge. 


In our work a centrifugal force of about 1,800 times 
gravity has been used to force displacement of oil and 
water. This is the maximum convenient force obtainable 
in our equipment. A centrifuging time of one hour is 
arbitrarily used. 

Most of the consolidated cores tested in this labora- 
tory were about %4 in. in diameter and 1-in. long. It 
was desirable to test larger cores, however, in an at- 
tempt to correlate wettability and waterflood oil recoy- 


VOL. 216, 1959 


Fic. 1—DisPpLaceMENT CELLS. 


ery. No problems were encountered when cores 1 in. in 
diameter by 3-in. long were used. Unconsolidated sand 
has been tested successfully by encasing it in a Lucite 
shell perforated at each end. 

Typical test results are listed in Table 1 for three 
cores: (1) fired Ohio sandstone (Berea formation), (2) 
a sand pack in which sand grains are covered (and 
bonded) with an epoxy resin, and (3) silicone-treated 
Ohio sandstone. 

Preferentially water-wet cores are characterized by 
a positive displacement-by-water ratio and a value of 
zero for the displacement-by-oil ratio. The magnitude of 
the preference for water parallels the value of the dis- 
placement-by-water ratio; a strong preference is indi- 
cated by a value approaching one, a weak preference 
by a value approaching zero. Cores which are neutral 
in wettability show zero for both displacement ratios. 
Preferentially oil-wet cores show a positive displace- 
ment-by-oil ratio and a displacement-by-water ratio of 
zero. The magnitude of the preference for oil, in this 
case, parallels the value of the displacement-by-oil ratio. 
As before, a strong preference is indicated by a value 
approaching one, a weak preference by a value ap- 
proaching zero. 

Test repeatability for a given core is good. One Ohio 
sandstone core was tested eight times. The mean dis- 
placement-by-water ratio was 0.74; average deviation 
from the mean was 0.02; maximum deviation from the 
mean, 0.05; standard deviation, 0.03. Also, agreement 
between adjacent small plugs cut from the same piece 
of rock is reasonably good. Twelve test plugs cut from 
a piece of fresh oil reservoir core (San Joaquin Valley, 


TABLE 1—TYPICAL TEST RESULTS 
Displacement of Water by Oil Displacement of Oil by Water 


Spon Ratio Spon- Ratio 
taneous Total _spont. taneous Total —spont. 
Core Description (ml) (m1) total (ml) (ml) total, 


Fired Ohio Sandstone 0.00 1.24 0.00 0.79 0.85 0.93 
Epoxy-bonded sand 


pack 0.00 1.16 0.00 0.00 0.96 0.00 
Silicone-treated 
Ohio sandstone 0.43 0.51 0.84 0.00 0.56 0.00 


~ 


3 4 


Calif.) showed a mean displacement-by-water ratio of 
0.17. Average deviation from the mean was 0.04; maxi- 
mum deviation from the mean, 0.14; and standard 
deviation, 0.06. 


SIGNIFICANCE OF WETTABILITY TEST DATA 


Using the procedure just described, wettability tests 
were run on unconsolidated sand packs which were 
mixtures of different compositions of two sands. One 
sand was a clean sand as strongly preferentially water- 
wet as could be prepared. The other was a second por- 
tion of the same sand strongly silicone-treated to make 
it as strongly preferentially oil-wet as possible. Wetta- 
bility test results for these sands (presented in Fig. 2) 
led to the following conclusions. 

1. The sands which represent extremes in wettabil- 
ity give results in our test which approach the extremes 
on the test scale. 

2. Mixtures containing more than about 25 per cent 
of each sand give wettability test results which are al- 
most a linear function of composition. 

3. Limited amounts (less than about 25 per cent) of 
either sand added to the other sand result in little or 
no change in wettability test results. This probably fol- 
lows from the inability of isolated sand grains of either 
type to affect displacement in this test. 

It is felt that these observations indicate that results 
of this test are a measure of average surface wettability 
weighted by the distribution of these different surfaces 
within the rock. 


How well does this rather empirical test meet the five 
requirements listed earlier? 


1. It is a displacement-type test and, therefore, re- 
sembles in some degree the displacement of oil by water 
in water flooding. 

2. We think that it indicates in a reasonably direct 
way the wettability of the porous rock surfaces, Cer- 
tainly wettability is one of the factors which contro] im- 
bibition rates and equilibrium imbibition volumes in 
porous rocks. However, other factors such as permeabil- 
ity affect these properties, It was thought that permeabil- 
ity and possibly certain other core characteristics should 
affect in the same way the imbibed volume and the total 
displaced volume measured in the proposed test. Thus, 
by using the ratio of these volumes as a wettability in- 
dex, the effects of some core properties, other than wet- 
tability, should be eliminated. 
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DISPLACEMENT -BY-WATER RATIO OISPLACEMENT-BY-OIL RATIO 
WETTABILITY 
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DATED SAND MIXxTURE. 


TABLE 2—IMBIBITION DATA AND WETTABILITY TEST DATA FIRED 
OUTCROP SANDSTONE CORES 
Wettability test data 


Air Displace- Displace- 


Core perm. _Volume of water imbibed* (PY) ment-by- ment-by- 
No. (md) 5 min 2 hr 24 hr water ratio oil ratio _ 
he 2,490 0.50 0.50 0.54 0.98 0.00 

2 2,520 0.53 0.55 0.60 0.97 0.00 

3 507 0.48 0.50 0.51 0.96 0.00 

4 496 0.50 0.51 0.51 0.93 0.00 

5 130 0.34 0.39 0.39 0.82 0.00 

6 130 0.34 0.38 0.38 0.78 0.00 

7 26 0.15 0.30 0.30 1.00 0.00 

8 Ai f 0.16 0.30 0.30 1.00 0.00 


“Cores were initially saturated with kerosene. 


In Table 2 imbibition data and results of our wet- 
tability test are listed for eight out-crop sandstone cores 
covering a wide permeability range. These cores were 
cleaned prior to testing by firing at 500°C. It was ex- 
pected then that all surfaces in these rocks would be 
strongly preferentially water-wet. Thus, differences in 
imbibition behavior would be due mainly to differences 
in rock properties other than wettability. The data show 
that the cores had varying imbibition rates, depending 
on permeability, but all were strongly preferentially 
water-wet according to our test. 

While rock wettability (as reflected by average con- 
tact angle) is important in determining results in the 
proposed test, we believe that pore geometry also plays 
a part. In sandstone cores and in sandstone-type lime- 
stone cores this has not appeared to be a serious weak- 
ness of the test. However, it is expected that the test 
would not measure wettability in a precise way in a core 
consisting of a parallel bundle of tubes. In vugular lime- 
stone with large, irregular vugs, results varied markedly 
for different plugs cut from the same core. This was 
thought to be due to variations in pore geometry. 

3. It is believed that none of the operations in the 
proposed wettability test is objectionable from the view- 
point of changing the rock wettability during testing. 
Almost all the rock surfaces are in contact either with 
water or with kerosene throughout the test. (There is 
a limited contact with the core holders and with air and 
paper during blotting.) Surface-active contaminants are 
removed from the kerosene by filtration through silica 
gel prior to its use. Thus, it is felt that a minimum 
chance exists for adsorbed organic materials already on 
the rock surfaces to be removed or for new films to be 
deposited. In a later part of this paper wettability 
changes resulting from more drastic core handling pro- 
cedures are discussed. Among these are core drying and 
extracting. 

4. As already stated, results of the proposed test are 
two numbers, a displacement-by-water ratio and a dis- 
placement-by-oil ratio. For most natural cores one of 
these is zero, as data presented later will show. Thus, 
the test results may be listed numerically or shown 
graphically in the same way as permeability or porosity 
data. In a few artificial cores both displacement ratios 
are positive, i.e., spontaneous displacement occurs in 
both directions. Here the situation is not so simple; when 
plotting data of this type we have used the difference in 
displacement ratios to represent the average wettability. 
This peculiar behavior has not been observed in fresh 
natural cores. 


5. Experience has shown that the proposed test is 
convenient to use. Equipment required is either already 
on hand in most laboratories or is easily obtained. Se- 
lection of a centrifuging procedure for forced displace- 
ments was based upon its convenience and rapidity. This 
choice has worked out quite well since the complete test 
can be run in about two hours of operator’s time and 
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TABLE 3—WETTABILITY TEST RESULTS—FRESH CORES 


Displace- Displace- 
ment-by- ment-by- 
Core description water ratio oil ratio 
Fired Ohio sandstone, Core 1 0.88 0.00 
Fired Ohio sandstone, Core 2 0.93 0.00 
Silicone-treated Ohio sandstone, Core 1 0.00 0.84 
Silicone-treated Ohio sandstone, Core 2 0.00 0.65 
Well 1, Oil Zone A, San Joaquin Valley, 
Calif., Core 1 0.12 0.00 
Well 1, Oil Zone A, San Joaquin Valley, 
Calif., Core 2 0.12 0.00 
Well 2, Oil Zone A, San Joaquin Valley, 
Calif., Core 1 0.17 0.00 
Well 2, Oil Zone A, San Joaquin Valley, 
Calif., Core 2 0.14 0.00 
Well 3, Oil Zone A, San Joaquin Valley, 
Calif., Core 1 0.11 0.00 
Well 3, Oil Zone A, San Joaquin Valley, 
Calif., Core 2 0.12 0.00 
Well 4, gray sand below Oil Zone A, San 
Joaquin Valley, Calif., Core 1 0.90 0.00 
Well 4, gray sand below Oil Zone A, San 
Joaquin Valley, Calif., Core 2 1.00 0.00 
Oil Zone B, Sterling County, Tex., Core 1 0.94 0.00 
Oil Zone B, Sterling County, Tex., Core 2 1.00 0.00 
Bradford 3rd Zone, Bradford field, Pa., Core 1 0.00 0.79 
Bradford 3rd Zone, Bradford field, Pa., Core 2 0.00 0.77 
Bradford 3rd Zone, Bradford field, Pa., Core 3 0.00 0.82 
Bradford 3rd Zone, Bradford field, Pa., Core 4 0.00 0.80 
Oil Zone C, Ochiltree County, Texas, Core 1 0.42 0.00 
Oil Zone C, Ochiltree County, Texas, Core 2 0.36 0.00 
Oil Zone D, Chaves County, N. M., Core 1 0.10 0.00 
Oil Zone E, Alberta, Canada, Core 1 0.35 0.00 
Oil Zone E, Alberta, Canada, Core 2 0.26 0.00 
Oil Zone E, Alberta, Canada, Core 3 0.24 0.00 
Oil Zone E, Alberta, Canada, Core 4 0.25 0.00 


two days of elapsed time. No unusual operating skills 
are required. 


WETTABILITY TEST DATA FOR FRESH 
CONSOLIDATED CORES AND 
TREATED CORES 


In Table 3 results of the proposed wettability test 
are listed for a number of “fresh” cores. Water-base 
drilling muds were used in coring the formation from 
which these samples came, and the cores were canned 
in brine or in preservative oil soon after they were re- 
moved from the core barrel. They were removed from 
the preservative liquid in the laboratory, core plugs 
were cut under brine, and their wettabilities tested as 
described. For comparison, results are listed for fired 
Ohio sandstone and strongly silicone-treated Ohio sand- 
stone. 


Natural fresh cores cover the same very broad wet- 
tability range as do outcrop sandstone cores treated 
drastically in the laboratory to make them extremes in 
wettability. They cover the range from strongly prefer- 
entially water-wet (displacement-by-water ratio of 1.00) 
to strongly preferentially oil-wet (displacement-by-oil 
ratio of 0.82). Most of the cores from California fields 
were found to be slightly preferentially water-wet, hav- 
ing displacement-by-water ratios between 0.05 and 0.25. 
In no case (excepting the vugular limestone cores pre- 
viously discussed) was a large difference found for dif- 
ferent cores from a given zone. The gray sand below 
the oil zone in one California field was tested and, as 
might be expected, was found to be strongly preferen- 
tially water-wet (displacement-by-water ratio, 0.90), 
while the overlying oil sand was only slightly preferen- 
tially water-wet (displacement-by-water ratio, 0.12). 

In Table 4 data are listed showing the effects on 
wettability, as indicated in the proposed test, of partial 
or complete drying of cores. Fresh cores (containing 
crude oil) which were strongly preferentially water-wet 
became less so after exposure to air at atmospheric tem- 
perature. They became much less so after exposure to 
air at 225°F. Similar cores which were only slightly 
preferentially water-wet underwent almost no change 
when dried in either way. Ohio sandstone cores became 
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moderately preferentially oil-wet after saturating with 
brine, then flushing with crude oil and drying at 225°F. 

Wettability changes caused by solvent extraction are 
listed in Table 5. Apparently toluene extraction either 
may Or may not remove the adsorbed organic film 
from the core surface. None was removed from Brad- 
ford Third Zone fresh core surfaces; almost all was re- 
moved from the surfaces of Ohio sandstone cores flushed 
with crude oil and dried. Our data indicate that dioxane 
is more effective in removing adsorbed organic material 
than is toluene. 


Fired Ohio sandstone cores (strongly preferentially 
water-wet) were saturated with brine and then flushed 
with crude oil. When the contact time with crude oil 
was short (15 minutes), little or no decrease in pref- 
erence for water was found; when the contact time was 
longer (two hours), a considerable decrease in pref- 
erence for water occurred. Data showing this are listed 
in Table 6. Similar data are included showing the wet- 
tability changes resulting from flushing dry, fired Ohio 
sandstone cores with crude oil or with asphalt solution. 
Also, the wettability changes resulting from refluxing 
dry cores in crude oil are shown. 

Using the proposed wettability test, an attempt was 
made to find out if mounting cores in Lucite changes 
their wettabilities. Fired Ohio sandstone was selected 
as a porous rock having a surface very susceptible to 
contamination (i.e. wettability change). Two such 
cores were mounted in Lucite, and then the Lucite was 
peeled off leaving cores of slightly smaller dimensions 
than the original cores. Test results for the original 
cores and processed cores were identical. Two more 
fired Ohio sandstone cores were mounted in Lucite, 
and only the Lucite from the ends was removed. Tests 
of these partially Lucite-encased cores likewise gave 
results identical with results for the untreated cores. It 
was concluded from these tests that mounting in Lucite 
does not change the wettability of clean porous rock. 
In similar tests it was found that wettability of this 
rock was not changed by coating with a phenolic resin 


TABLE 4—WETTABILITY TEST RESULTS—DRIED CORES 


Displace- Displace- 
ment-by- ment-by- 


Core description water ratio oil ratio 


Oil Zone B, Sterling County, Tex., fresh Core 1 0.94 0.00 
Oil Zone B, Sterling County, Tex., fresh Core 2 1.00 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 70-100°F for 1 day, Core 3 0.65 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 70-100°F for 1 day, Core 4 0.65 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 70-100°F for 1 day, Core 5 0.58 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 75°F for 60 days, Core 6 0.43 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 75°F for 60 days, Core 7 0.41 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 225°F for 7 days, Core 8 0.18 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 225°F for 7 days, Core 9 0.13 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 225°F for 7 days, Core 10 0.22 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed 

to air at 225°F for 7 days, Core 11 0.19 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh Core | 0.12 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh Core 2 0.12 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core 

exposed to air at 70-100°F for 7 days, Core 3 0.10 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core 

exposed to air at 70-100°F for 7 days, Core 4 On2 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core 

exposed to air at 225°F for 7 days, Core 5 0.09 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core 

exposed to air at 225°F for 7 days, Core 6 0.09 0.00 
Fired Ohio sandstone, Core | 0.88 0.00 
Fired Ohio sandstone, Core 2 0.93 0.00 
Fired Ohio sandstone, core saturated with brine 

then flushed with crude oil, Core 3 0.53 0.00 
Fired Ohio sandstone, core saturated with brine 

then flushed with crude oil, Core 4 0.57 0.00 
Fired Ohio sandstone (Core 3 above) dried at 225°F 

for 10 days, Core 5 0.00 0.29 
Fired Ohio sandstone (Core 4 above) dried at 225°F 

for 10 days, Core 6 9.00 0.41 
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TABLE 5—WETTABILITY CHANGES RESULTING FROM SOLVENT EXTRACTION 


Core wettability Wettability of extracted core 


Displacement- Displacement- Extraction Displacement- Displacement- 
Core description by-water ratio by-oil ratio solvent by-water ratio by-oil ratio 

Bradford 3rd Zone, Bradford field, Pa., fresh Core | 0.00 0.79 Toluene 0.00 0.79 
Bradford 3rd Zone, Bradford field, Pa., fresh Core 2 0.00 0.77 Toluene 0.00 0.78 
Bradford 3rd Zone, Bradford field, Pa., fresh Core 3 0.00 0.82 Dioxane 0.00 0.87 
Bradford 3rd Zone, Bradford field, Pa., fresh Core 4 0.00 0.80 Dioxane 0.00 0.77 
Oil Zone C, Ochiltree County, Tex., fresh Core 1 0.42 0.00 Toluene 0.56 0.00 
Oil Zone C, Ochiltree County, Tex., fresh Core 2 0.36 0.00 Toluene 0.67 0.00 
Oil Zone D, Alberta, Canada, fresh Core 1 0.35 *0.00 Toluene 0.41 0.00 
Oil Zone D, Alberta, Canada, fresh Core 2 0.26 0.00 Toluene 0.43 0.00 
Oil Zone D, Alberta, Canada, fresh Core 3 0.24 0.00 Dioxane 0.75 0.00 
Oil Zone D, Alberta, Canada, fresh Core 4 0.25 0.00 Dioxane 0.81 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core exposed to air 

at 70-100°F for 7 days, Core 1 0.10 0.00 Toluene 0.03 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core exposed to air 

at 70-100°F for 7 days, Core 2 0.12 0.00 Toluene 0.03 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core exposed to air 

at 70-100°F for 7 days, Core 3 about 0.11 0.00 Dioxane 0.26 0.00 
Oil Zone A, San Joaquin Valley, Calif., fresh core exposed to air 

at 70-100°F for 7 days, Core 4 about 0.11 0.00 Dioxane 0.26 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed to air 

at 70-100°F for 7 days, Core 1 0.63 0.00 Toluene 0.94 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed to air 

at 70-100°F for 7 days, Core 2 0.65 0.00 Toluene 1.00 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed to air 

at 70-100°F for 7 days, Core 3 0.65 0.00 Dioxane 0.88 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed to air 

at 70-100°F for 7 days, Core 4 0.58 0.00 Dioxane 0.95 0.00 
Oil Zone B, Sterling County, Tex., fresh core exposed to air 

at 225°F for 7 days, Core 5 0.19 0.00 Toluene 0.53 0.00 
Fired Ohio sandstone flushed with crude oil and dried at 225°F, Core 1 0.00 0.29 Toluene 0.85 0.00 
Fired Ohio sandstone flushed with crude oil and dried at 225°F, Core 2 0.00 0.41 Toluene 0.72 0.00 
Fired Ohio sandstone flushed with crude oil and dried at 225°F, Core 3 0.00 0.20 Dioxane 0.87 0.00 
Fired Ohio sandstone flushed with crude oil and dried at 225°F, Core 4 0.00 0.69 Dioxane 0.88 0.00 


TABLE 6—WETTABILITY CHANGES RESULTING FROM FLUSHING CORES 


the changes that occurred when two different types of 


Wettability porous rock were flushed with each of six different drill- 
stench ai ing mud filtrates. Fired Ohio sandstone with its clean, 


strongly preferentially water-wet surface was used as 
one test rock; a fresh natural oil reservoir core slightly 


Cere description water ratio oil ratio 


Fired Ohio sandstone, Core 1 0.88 0.00 


Fired Ohio sandstone, Core 2 0.93 0.00 2 
Fired Ohio sandstone saturated wath bane, then flushed es ane preferentially water-wet was used as the other. 
rapidly with crude oil solution A®, Core 3 5 ; x 
Fired Ohio sandstone saturated with brine, then flushed Test results (Table 7) show that the preference of 
_fapidly with crude oil solution A*, Core 4 0.78 9.00 the fired Ohio sandstone for water was reduced little or 
Fired Ohio sandstone saturated with brine, then flushed a & 
slowly with crude oil solution A*, Core 5 0.53 0.00 none by contact with the three water-base mud filtrates. 
Fired Ohio sandstone saturated with brine, then flushed 
Carer’ 0.57 0.00 One the oil-base mud filtrates changed this rock from 
Fired Ohio sandstone saturated with kerosene, then strong referentially water-w O a y F = 
flushed with crude oil solution A®, Core 7 0.25 0.00 ; sly P ¥ et to mo derately preferen 
FPSUnOiiolccndsianotsaturatedi with kercsenomithen tially water-wet. The second made the rock almost neu- 
flushed with crude oil solution A®, Core 8 0.19 0.00 
In. crude! cil aclution tral in wettability (slight preference for water). The 
A® with water trap in system, Core 9 0.18 0.09 third caused a marked change; the rock was made mod- 
Fired Ohio sandstone refluxed in crude oil solution 
A® with water trap in system, Core 10 0.18 0.08 erately preferentially oil-wet. 
Fired Ohio sandstone saturated with kerosene, then 
Fired Ohio sandstone saturated with kerosene, then slight referentially water-wet fresh oi VOi 
flushed with asphalt solution», Core 2 0.18 0.06 = Mas an fresh oil reservoir CS 


also showed essentially no change in wettability from 
contact with water-base mud filtrates. Oil-base mud fil- 
trates caused a moderate shift toward increased oil 
preference. 


450 volume-per cent 30° API gravity San Joaquin Valley crude oil with 
50 volume-percent kerosene. 
b5 weight-per cent steam-blown asphalt with 95 weight-per cent naphtha. 


or with Buna rubber and then peeling off the coating. 
It has been reported” that some drilling muds are 
capable of changing rock wettability while others are 


The foregoing observations are typical of a large 
number that have been made in our laboratory in an 
attempt to relate wettability with core handling pro- 


not. Using the proposed wettability test, we observed cedure. No inconsistencies have been found in the test. 


TABLE 7—WETTABILITY CHANGES RESULTING FROM CONTACT WITH DRILLING MUD FILTRATES 
Wettability of Original Core Wettability of Flushed Core 


Displacement- Displacement- 
by-water ratio by-water-ratio 


Displacement- 
by-oil ratio 


Displacement- 


Drilling mud description by-oil ratio 


Porous rock 


Fired Ohio sandstone High lime water-base mud about 0.92 0.00 0.77 0.00 
” ” " High lime water-base mud about 0.92 0.00 0.84 0.00 
ur My Clay water-base mud about 0.92 0.00 0.79 0.00 

By ii Clay water-base mud about 0.92 0.00 0.80 0.00 

” " Surfactant water-base mud about 0.92 0.00 0.92 0.00 

: zy wy Surfactant water-base mud about 0.92 0.00 0.93 0.00 
f : Water-oil emulsion mud about 0.92 0.00 0.08 0.00 

; : Water-oil emulsion mud about 0.92 0.00 0.09 0.00 
Sete " Oil-base Mud A about 0.92 0.00 0.45 0.00 
WE SS " Oil-base Mud A about 0.92 0.00 0.46 0.00 
eae ¥ Oil-base Mud B about 0.92 0.00 0.05 0.51 
; : Oil-base Mud B about 0.92 0.00 0.00 0.41 
California fresh core® High lime water-base mud 0.21 0.00 0.13 0.00 
High lime water-base mud 0.18 0.00 0.10 0.00 
i noo Clay water-base mud 0.19 0.00 0.10 0.00 
Clay water-base mud 0.19 0.00 0.10 0.00 
“y i Surfactant water-base mud 0.20 0.00 0.08 0.00 

x ee Surfactant water-base mud 0.15 0.00 0.08 0.00 

Water-cil emulsion mud 0.16 0.00 0.00 0.13 

i eee Water-oil emulsion mud 0.19 0.00 0.00 0.03 
i. Oil-base Mud A 0.03 0.00 0.00 0.10 

Oil-base Mud A 0.09 0.00 0.08 0.03 
' es Oil-base Mud B 0.21 0.00 0.00 0.25 
Oil-base Mud B 0.24 0.00 0.00 0.06 


Oil Zone C, San Joaquin Valley, Calif. 
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Our experience with it shows that it indicates the wetta- 
bility of the surfaces in a porous rock fairly precisely 
and in a way conveniently expressed. While some of the 
cores tested have been uniform in wettability over all 
pore surfaces, many have been non-uniform in wettabil- 
ity. In cores of the latter type, we believe that the test 
indicates an average wettability, weighted by the loca- 
tion of the different types of surfaces within the core. 


CORRELATION OF WETTABILITY WITH 
WATERFLOOD OIL RECOVERY 


10 


Several investigators’’” have reported that higher 
waterflood oil recoveries were obtained in preferentially 
water-wet systems than in corresponding preferentially 
Oi-wet systems. Others’ have shown that recoveries were 
high when the rock approached neutral wettability but 
relatively low at either extreme on the wettability scale. 
Still others" have found little change in recovery as 
wettability was changed. 

A group of waterflood tests were made in this lab- 
oratory with the objective in mind of comparing oil re- 
covery with wettability under one arbitrarily selected 
standard set of conditions. Rock wettability was the 
only factor varied in the tests, and an attempt was made 
to vary this factor over as wide a range as possible. 
Measurements were made of waterflood oil recovery 
and of core wettability using the test discussed above. 

The test cores were Ohio standstone plugs 1 in. in 
diameter and 3-in. long, all cut from the same block. 
In a preliminary test run of five of these, it was found 
that waterflood recoveries and wettabilities were the 
same within the errors of the tests. Thus, it was con- 
cluded that the test cores used were comparable with 
each other. They were cleaned by firing, and some were 
flushed with a silicone solution to change their wettabil- 
ities. By using solutions of different concentrations, 
cores of different wettabilities were obtained. A large 
volume of silicone solution was used in the flushing 
treatment, and it was flowed through the core first in 
one direction and then in the other in an attempt to ob- 
tain as uniform wettability as possible throughout the 
core. 

During the water floods, cores were held in a Hassler 
sleeve. Fluids used in the tests were 3 per cent brine 
and kerosene which had been percolated through silica 
gel to remove surface-active impurities. In all cases 
cores were at restored state when water floods were 
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started. The water injection rate was 0.5 ml/min, which 
our tests showed was sufficiently high that the floods 
were stabilized as described by Rapoport, et al’”. 

Waterflood oil recoveries in these tests are shown in 
Vig. 3 as a function of rock wettability. Oil recoveries 
at 2.4 pore volumes throughput are shown; however, 
similar curves were obtained when breakthrough oil re- 
coveries or oil saturations at breakthrough or at 2.4 
pore volumes of water injected were plotted against 
wettability. Recoveries were low in very strongly prefer- 
entially water-wet cores. As the preference for water de- 
creased to a displacement-by-water ratio of about 0.60, 
recovery increased gradually. As the preference for 
water decreased further, from a displacement-by-water 
ratio of 0.60 to a displacement-by-oil ratio of about 
0.05, recovery remained at the high value; then with 
further decreasing preference for water, recoveries again 
were lower. 

These results are in agreement with the general con- 
clusions of Moore and Slobod’, who reported relatively 
low recoveries at either wettability extreme. However, 
it is obvious from our data that by choosing the posi- 
tions on the wettability scale, preferentially water-wet 
cores could be selected which would show either higher, 
the same, or lower recoveries than selected preferen- 
tially oil-wet cores. Thus, it cannot be said that these 
data are in disagreement with any of the findings noted 
at the beginning of this section. The important point 
demonstrated is that the wettability in porous rock 
such as Ohio sandstone must be described reasonably 
precisely by some such test as the one discussed here. 
Othewise apparent wettability correlations may be mis- 
leading. 

It is generally believed that microscopic non-uniform- 
ity in pore shapes and sizes contributes to the by-pass- 
ing of oil in a water flood. It would be expected then 
that in porous rock, such as Alundum, having more 
uniform pores than Ohio sandstone, wettability changes 
might have less effect on waterflood oil recovery. To 
check this point water floods and wettability tests of a 
group of Alundum cores were made, and the data were 
compared with data for Ohio sandstone. The results are 
shown in Fig. 3. In the strongly preferentially water- 
wet range, Alundum did not show the low recoveries 
shown by Ohio sandstone. However, in the neutral wet- 
tability and the preferentially oil-wet regions, lower re- 
coveries were found with increasing preference for oil, 
resembling to some extent the behavior in Ohio sand- 
stone. 

These observations show then that there is no single 
correlation of wettability with waterflood oil recovery 
for different porous rocks even though the floods are 
run under one standard set of conditions. It is thought 
that differences in pore geometry from rock to rock 
cause differences in the relationship between these 
factors. 


CONCLUSION 


Prior to our use of the wettability test described 
here, it was felt that a need existed for a more generally 
useful and more precise wettability test than those com- 
monly used. This need has been satisfied in our lab- 
oratory by the proposed test. Its usefulness is indicated 
by the rating of fresh cores and evaluating of several 
core handling procedures discussed in this paper. The 
study reported here of the correlation of wettability 
with waterflood oil recovery in two relatively simple 
systems further indicates its usefulness. 

The possibility of modifying wettability in part or all 
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of a reservoir to increase oil recovery is one of the in- 
teresting aspects of this type of study. The flushing 
experiments reported here suggest how easily and to 
what extent wettability in a porous rock can be changed, 
The waterflood studies indicate that certain wettability 
changes lead to increased waterflood oil recovery. 


The author expresses his appreciation to the Union 
Oil Co. of California for permission to release this in- 
formation and to P. W. McGinnis for assistance with 
the experimental work. 
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A new type water shut-off for use in air drilling has 
been developed. The method has been 99 to 100 per 
cent effective in several different formations of inter- 
granular-type porosity. Since costs for materials, time 
and equipment used are relatively small, the process 
should extend economies of air drilling to many new 
areas. 

The treatment involves a new technique for forming 
a water-insoluble precipitate within the pores of a rock. 
Advantage is taken of the difference in mobility of a 
liquid and a gas in porous media to achieve the greatest 
volume of precipitate in a given pore. Reactants selected 
for the laboratory and field tests were aluminum sulfate 
solution and gaseous ammonia. 

This process has been tested in both intergranular 
and fractured-type porosities. It has consistently shut-off 
between 99 and 100 per cent of the water flowing from 
formations having intergranular-ty pe porosity and Deh 
meabilities ranging from a few millidarcies to over a 
darcy. The treatment is not particularly suitable for 
shutting-off water from fractured formations although 
plugging of the order of 50 per cent or greater has 
been achieved in all such applications. Among advan- 
tages of the treatment are: (1) no reaction waiting time 
after a relatively short placement time, (2) a low mate- 
rials’ cost of about $3/ft of hole treated, (3) use of 
common. service-type equipment for treatment, and 
(4) no unusual requirements for mixing and placement. 


In rotary drilling with air or gas it has been possible 
to increase bit life by tenfold and more than double rate 


Original manuscript received in Society of Petroleum Engineers 
office July 14, 1958. Revised manuscript received March 16, 1959. 
Paper presented at 33rd Annual Fall Meeting of Society of Petro- 
leum Engineers in Houston, Tex., Oct. 5-8, 1958. ae? 

Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec. 31, 1959, should be in the form of a new paper. 
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of penetration over corresponding performance when 
drilling with mud. These factors have amounted to as 
much as 22 per cent savings on total cost of drilling a 
well. However, these advantages are rapidly lost when 
water is encountered in an air- or gas-drilled well 
because water interferes with the removal of cuttings 
from the hole and also gives rise to other difficulties. In 
attempting to combat water troubles, operators have 
commonly resorted to such measures as mist drilling, 
treatment with cement or chemicals, converting to con- 
ventional mud drilling, or setting casing. In many 
cases these measures have either been costly or in- 
effective. 

In an effort to overcome this problem, studies were 
undertaken to develop an effective and economical water 
shut-off technique for use in formations possessing inter- 
granular-type porosity. Extensive laboratory experi- 
mentation finally led to a unique method for producing 
a water-insoluble precipitate within the pores of a 
sandstone. The unique part of the treatment is use of 
a liquid and a gas to form the precipitate, and in this 
case the reactants used were aluminum sulfate solution 
and gaseous ammonia. The reaction between these two 
materials is shown in the following equation. 


Saturated Water Solution | Gas 


That is, a solid precipitate consisting of aluminum 
hydroxide and ammonium sulfate is formed when am- 
monia reacts with aqueous aluminum sulfate. The 
aluminum hydroxide is insoluble in water and the am- 
monium sulfate, though soluble, can only be removed 
from the formation pores by diffusion—an extremely 
slow process. Although the precipitate formed by the 
reaction is not particularly firm, great strength is not 
needed for a precipitate to bridge and plug intergran- 
ular-type porosity. A flow path in such a system is 
extremely tortuous and involves a great variety of pore 
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sizes which have large variations in dimension even 
within themselves. 

The fact that such a material can seal sand-type 
porosity has been amply demonstrated in laboratory 
tests in which plugs of the precipitate as little as 2-in. 
thick have resisted extrusion by fluid pressures as high 
as 1,500 psi. Theoretical considerations also indicate 
that a plug of this order of thickness will prevent devel- 
opment of radial tensile stresses that might tend to 
disrupt the formation walls.’ 


This technique differs from previous attempts to 
form a precipitate within a porous medium in that it 
utilizes the great difference in mobilities of a liquid 
and a gas. Efforts to accomplish such a reaction in the 
past have been largely unsuccessful because reactants 
were both liquid. Difficulties in carrying out the latter 
process in formations of sand-type porosity are now 
fairly clear. 

When two liquids are consecutively injected into a 
sand formation, the second liquid, it has been demon- 
strated”*’, largely displaces the first. Little opportunity 
is afforded for mixing or reacting except at the inter- 
face. However, under the same conditions, as is well 
known in reservoir engineering’, the displacement of a 
liquid by a non-miscible, non-wetting phase such as gas 
is inefficient. That is, the gas can enter and flow through 
a previously liquid-filled pore by displacing some of 
the fluid from the opening. It is then possible to have 
sufficient reaction between liquid in the pore and gas 
passing through it to form a considerable amount of 
precipitate. Also, with cessation of treatment and sub- 
sequent pressure release, formation fluids will flow 
through the rock pores toward the well; the counter- 
flow should provide additional opportunity for mixing. 
Such movement may also move particles of precipitate 
from larger portions of a pore into its smaller sec- 
tions, and thereby increase the degree of plugging. 

In addition to being an effective technique for plug- 
ging off water-bearing sandstone formations, the liquid- 
gas formation plugging system has several other good 
features. Cost of materials used per foot of hole treated 
is low, and no expensive special treating equipment is 
needed. Further, for field use it is not necessary to 
measure volumes precisely or control temperatures and 
pressures with unusual accuracy. Other particularly 
favorable features are that there is no necessity either 
to lose rig-time waiting for the reaction to occur after 
placement or to be pressed for time to place the mate- 
rial before it sets up, as is the case with other plugging 
materials, 


EXPERIMENTAL METHODS 


Plugging capabilities of various agents examined in 
this study were determined at room temperatures with 
the aid of the set-up shown in Fig. 1. In this assembly 
Berea sandstone blocks either 5 X 5 X 2 in. or 10 X 10 
x 3 in. were used to simulate radial flow conditions 
near a wellbore in a water-bearing sandstone formation. 
This simulation was achieved as shown in the figure 
by coating the two large opposed faces of the blocks 
with cement and using the same cement to hold tubing 
in the hole through the center of the block. A portion 
of the tubing was perforated for a distance equal to the 
block thickness before it was cemented in the hole 
at the block faces. Thus, pressurized fluids could be 
forced to flow through the sandstone block in a radial 
pattern to, or away from, the simulated wellbore. 


7TReferences given at end of paper. 


i164. 


The test specimens were then used to evaluate the 
effectiveness of various plugging materials. This was 
done by first measuring the natural water-transmitting 
capacity of the block by putting it in the pressure cell, 
as shown in Fig. 1, and flowing water under a constant 
pressure of 250 psi through the block toward the well- 
bore. The block was then removed from the cell and 
the plugging materials injected into it through the 
tubing. After completing the treatment, the degree of 
plugging achieved was determined by subjecting the 
block to the same flow conditions as before treatment. 


DISCUSSION OF RESULTS 


At the start of this investigation, evaluation tests 
were made with several materials marketed for forma- 
tion plugging in addition to some of an experimental 
nature. In general, the materials were liquids which 
would form a firm gel, either by reaction with the 
water in the formation or a timed gellation after place- 
ment; but some tests were also made with two reactant 
liquids that were separately injected into the formation 
where it was hoped they would mix and form a plugging 
precipitate. Although a few tests with these various 
materials did achieve a fair amount of plugging, per- 
formance was not consistent in repeated trials. 

A critical analysis of the results from these tests did 
reveal some important points, though. For example, 
the gel-forming materials were not particularly satis- 
factory for water shut-off work in sand-type porosity 
because of one or more serious disadvantages, such as 
(1) high initial or rapidly increasing viscosity, (2) loss 
of setting characteristics upon slight dilution with water 
in the formation, (3) critical dependence on tempera- 
ture conditions, (4) close mixing and handling contro] 
required, and (5) shut-off with a single treatment of a 
zone possessing a non-uniform permeability profile in 
a well would be almost impossible. Further analysis of 
the liquid-liquid systems, coupled with the observation 
that in some tests the reactants had flowed unreacted 
from the test specimens, revealed that the liquid-forma- 
tion water and liquid-liquid systems probably failed 
because of little or no mixing of the materials and 
thus reaction had not occurred in the rock pores. 


The same considerations that explained why the 
liquid-liquid systems failed also indicated that a gas- 
liquid system might provide the desired results because 
with such a system the gas and liquid reactants could 
be mixed in the rock pores. Thus, on the basis of 
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economy and availability of materials for field use, 
aluminum sulfate and anhydrous ammonia were se- 
lected for testing. However, for most pressures encoun- 
tered in field operation it was apparent that because 
ammonia has a low vapor pressure it would be neces- 
sary to dilute it with a fixed gas to keep it in a gaseous 
State; otherwise the ammonia gas would liquefy and 
cause the desired gas-liquid plugging system to revert 
to the ineffective liquid-liquid system. 


The first four experiments with undiluted ammonia as 
shown in Table 1 yielded shut-offs ranging from 92 
to 98 per cent; however, it was necessary to revise 
the treating procedure slightly to achieve the same 
results with the diluted gas. For example, Test 5 of 
Table 1 shows that three consecutive treatments were 
required when ammonia was diluted with nitrogen 
in the volume ratio of 1:6 to obtain an amount of 
plugging comparable to that obtained with undiluted 
ammonia. Test 6, though, shows that this apparent dis- 
advantage can be overcome by immediately following 
one treatment with another. The second alum solution 
injection contacts unreacted ammonia gas in the rock 
pores near the wellbore and thus enough additional 
precipitate is formed to provide a satisfactory plug. 
The reason for having to follow the diluted gas into the 
formation with more alum solution is that the inert 
gas displaces more of the initially injected solution 
away from the wellbore than does pure ammonia. 

After the laboratory evaluation of the plugging 
method was completed, some field tests were made, and 
the test procedure was generally similar to that used 
in the laboratory. Usually rate of water production 
from the zone was established and then either single or 
straddle packers were set to isolate the zone from the 
rest of the hole. In some cases where the drilling infor- 
mation was not clear, location of the water-producing 
interval and its extent were determined with an electric 
log. After setting the packer, treatment was started by 
injecting about 10 gal of the saturated alum solution 
per foot of hole to be treated and following it with a 
slug of inert gas. Then about 20 scf of ammonia gas, 
either diluted or in pure form, was injected per foot 
of hole to be treated and was followed with another 
slug of inert gas. After pipe and hole opposite the 
water zone had been filled with inert gas, more alum- 
inum sulfate solution would then be injected and fol- 
lowed with inert gas until the formation refused to 
take more fluid. Following this stage, water produc- 
tion from the well would be determined which, of 
course, indicated degree of water shut-off. 

The first field tests were made in four shallow wells 
which had been air drilled and cored on the laboratory 
grounds. Flow tests made by reverse blowing the wells 
with air through the tubing indicated each well to be 
producing water at a rate of about 180 gal/hr from 
a zone at 42 to 76 ft which the cores showed was frac- 
tured sandy shale. 

Although the shut-off technique was not considered 
suitable for fractures, as previously explained, it was 
decided to attempt to plug the water zones in the four 
wells. Because of the low injection pressures required, 
the ammonia was not diluted with inert gas. Treatment 
of the first well, in which there had been evidence of 
less extensive fracturing, resulted in a complete shut- 
off. The other three wells responded only partially to 
the treatments. As a last resort, treating procedure was 
altered to simultaneously injecting the aluminum sulfate 
solution down the tubing and ammonia down the an- 
nulus. These treatments yielded shut-offs ranging from 
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TABLE 1—RESULTS OF LABORATORY WATER SHUT-OFF TESTS ON BEREA 
SANDSTONE BLOCKS* USING AS PLUGGING AGENTS AMMONIA GAS 
AND A SATURATED WATER SOLUTION OF ALUMINUM SULFATE 


Reduction of original 
flow capacity 


Gas Used (per cent) 
Block 

Test Size 1 part NHs First Second Third 
No. __(in.) NHs 6 parts N2 treatment treatment treatment 

2 x 90 93 

3 87 92 

4 10 x 10 x 3.5 x 78 98 

5 10x 10x 3 x 54 67 89 

6 NOFxXaOscrsre x no flow 99 


test made 
*Permeability: 200 to 400 md 


50 to 90 per cent. It is obvious that precipitation would 
occur in the wellbore and would prevent injection of 
chemicals into a normal water-producing sand, but the 
results of these tests are included in Table 2 with data 
on other field treatments as a matter of passing interest. 

The next experimental application of the method 
was on a scale more nearly representative of actual 
well operations. A well was air drilled to 272 ft, then 
cored to 300 ft. The interval 272 to 298 ft was a 
highly cemented sandstone with an air permeability 
ranging from 0.5 to 7 md, and with reverse air cir- 
culation it produced about 42 gal/hr of water. 

After setting 272 ft of 5.5-in. pipe to protect poten- 
tial domestic water wells in the area, the well was 
treated under a packer by consecutive injections of a 
slug of aluminum sulfate solution, followed by one 
consisting of a 1:1 mixture of ammonia and nitrogen. 
A spacer of water was introduced between these two 
slugs. An attempt was made to follow this treatment 
immediately with a second cycle of injections. However, 
after only a small amount of the second aluminum 
sulfate batch had been pumped in, injection pressure 
began to rise sharply and the formation stopped taking 
fluid. Producing capacity of the formation was tested 
without any waiting period, and the well produced about 
0.5 gal/hr of water, corresponding to a shut-off of 
nearly 99 per cent. 

To ascertain the degree of permanence of this plug, 
testing of the wells was continued over several days; no 
increase in water production was observed. About nine 
months later the well was again tested by reverse blow- 
ing it with compressed air through tubing, and a 92 
per cent shut-off remained. These tests demonstrated 
that the seal formed by the aluminum sulfate-ammonia 
treatment had sufficient durability to last through a 
typical well drilling operation with air or gas. This and 
other features of the experimental work suggested the 
process was ready for full-scale application in the field. 
Accordingly, arrangements were made with one of the 
operating divisions of the company engaged in an air- 
drilling program to apply the method when water was 
encountered. 

Unfortunately the first well selected, Deep Fork 
Unit Yarhill B-6 near Bristow, Okla., encountered a 
thick section of wet, sloughing shale, and it was neces- 
sary to convert to mud drilling. However, after casing 
depth was reached and prior to setting casing, an 
electric log was run on the hole to locate water sands 
in which the method could be tried. Three such sands 
were thus located, and they were treated singly using 
a straddle packer on tubing. In each case after setting 
the inflatable straddle packers over the water-producing 
interval, the tubing was swabbed to measure the rate of 
production. This same swabbing procedure was applied 
after treatment. Natural gas available in this field was 
used as a diluent for the ammonia. 
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TABLE 2—RESULTS OF FIELD TESTS FOR WATER SHUT-OFF USING PLUGGING AGENTS, AMMONIA GAS AND A SATURATED WATER SOLUTION OF 
ALUMINUM SULFATE 


Maximum 
Method of Belen: Water Production 
Water zone injecting injection No. Before After Per cent 

depth plugging pressure treat- treatment treatment water 
Test Well (ft) agents (psi) ments (gal/hr) _ (gal/hr) shut-off 
Laboratory-West* * 42-65 slug 1 180 (approx.) 0 100 
Laboratory-South** 42-76 slug 1 180 (approx.) 150 16 
Laboratory-South 42-76 simultaneous 1 150 78 50 
Laboratory-East** 42-76 slug 1 180 60 (approx.) 67 
Laboratory-East 42-76 simultaneous ] 60 (approx.) light spray 90 est. 
Laboratory-North** 42-71 simultaneous 1 102 light spray 90 est. 
Saxonburg, Pa. 272-298 slug 1 42 6 99 
Gulf Yarhill 529-547 slug fractured at 7 1,380 360-660 final 75-52 

650 and fell final 
to 550* 
Gulf Yarhill 902-910 slug 1 480 270 44 
Gulf Yarhill 902-910 slug 1 270 (second 0 100 
treatment) 
Gulf Yarhill 1,191-1,204 slug 1 2,220 18 99 
Gulf Tackett 866-914 slug 1 total of (6) 100 
7 gal/hr for 
3 zones 

Gulf Tackett 682-730 slug 1 0 100 
Gulf Tackett 620-668 slug 1 0 100 


*This occurred on initial fluid injection stage of treatment. 
**These formations contained pre-existent natural fractures. 


As indicated in Table 2, these zones before treatment 
made water at the rates of 1,380, 480, and 2,220 gal/hr. 
During initial injection of solution into the first zone, 
the formation was inadvertently fractured as evidenced 
by a sudden pressure drop and subsequent wide fluctu- 
ations in injection pressure. To repair the damage, 
seven treatments were made, and the formation tested 
for shut-off after each treatment. Complete plugging 
was never attained, although at one stage it reached 

The other two zones were treated without incident, 
and the water productions reduced from 480 to 0.0 and 
from 2,220 to 18 gal/hr, respectively, corresponding 
to shut-offs of 100 per cent and 99 per cent. 

The equipment set-up employed in these and sub- 
sequent field treatments is shown in Fig. 2. Although in 
the illustration the tubing is provided only with a single 
packer, in most of the field treatments a straddle packer 
was employed. The figure also shows the diagrammatic 
arrangement for controlling partial pressure of the 
ammonia in the gas mixture being injected into the 
well. Six such ammonia bottles connected in series 
were immersed in two drums containing water heated 
to a temperature slightly below that of the formation 
being treated. This compensated for the cooling effect 
from evaporation of the liquid ammonia and eliminated 
need for a proportioning arrangement to add ammonia 
to the injected gas. Saturation of the injected nitrogen 
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or natural gas was assured without any possibility of 
condensation of ammonia within the wellbore. 

Following the Oklahoma tests, the equipment was 
moved to the Gulf Tackett No. 1 in Arkansas where 
production of a small amount of water (7 gal/hr) 
from 621 to 914 ft was causing considerable air drilling 
difficulties. Drilling records had indicated the entire 
section to be wet, but it was decided not to attempt 
to treat all of the exposed interval at one time. Instead, 
a straddle packer was used with a spacing of 48 ft 
between the hydraulically operated packing elements. 
Starting at the bottom of the hole, each 48-ft interval 
was tested for permeability by attempting to inject 
water into it. If permeability was indicated, the packers 
were unset, the excess water blown out, and the zone 
treated. If the zone did not take sufficient water, the 
packers were moved up to the next interval to be tested. 
Proceeding in this manner, three permeable intervais 
were given the aluminum sulfate-ammonia treatment. 
After removing the packers, the drill pipe with bit was 
run to bottom, the hole was successfully blown dry, and 
drilling proceeded to 3,300 ft where pipe was set. 

In the course of additional field work, two other 
wells were treated, but only partial shut-offs were ob- 
tained because fracturing of the formations occurred. 
Fracturing took place in these wells during the gas 
injection phase of the treatments at bottom-hole pres- 
sures equal to about 0.65 psi/ft of formation depth, 
substantially lower than the pressure gradients with- 
stood by the same zones during liquid injection. Infor- 
mation from laboratory experiments also indicates 
that fracturing will occur at lower injection pressures 
with gas than with liquid. 

It is true that some of the field treatments of the 
shut-off method escaped fracturing at pressures in excess 
of the commonly accepted critical value of 0.7 psi/ft of 
depth. However, fracturing experienced during the gas 
injections referred to suggests that in field appliations 
of this new technique, it would be advisable in general 
to avoid exceeding a bottom-hole pressure correspond- 
ing to 0.6 psi/ft. Maintaining this lower pressure would 
necessarily add to the time required for treatment, but 
this sacrifice would be warranted to assure success 
of the operation. 


CON 


1. A liquid-gas plugging technique suitable for shut- 
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ting off water in intergranular-type porosity has been 
developed. 

2. In field use this system, utilizing consecutive 
injections of aqueous aluminum sulfate and ammonia 
gas, has shut-off 99 to 100 per cent of the water in 
sand formations making 7 to 2,220 gal/hr of water. 

3. The treatment is not particularly effective in 
fractured systems. Therefore, all precautions should 
be taken to avoid breaking down the water-producing 
formation during treatment. Experience suggests that 
injection pressures at the formation should not exceed 
0.6 psi/ft of depth. 

4. The cost of the treating materials required per 
foot of hole is about $3.00. 

5. It is reasonable to expect that use of this tech- 
nique will extend the application of air drilling. 


NOMEN CLAT URE 


o = total normal compressive stress 

p = fluid pressure 

v = Poisson’s ratio 

£ = ratio of expansion due to fluid pressure 
= strain 

r,. = Well radius 

r, = outer radius of plugged region 

P = fluid pressure in virgin reservoir 

R = overburden pressure in virgin reservoir 
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APPENDIX 


CALCULATION OF THE STRESSES IN THE FORMATION CAUSED BY WATER SHUT-OFF 


An estimate was made of how thick a plug is re- 
quired so that radial tensile stresses are not developed 
in the rock. Method of calculation is outlined here and 
the result given; details are omitted. 

The theory given by Lubinski’ was used. He showed 
that it is essentially identical with the theory of thermal 
stresses, fluid pressure playing a role analogous to tem- 
perature. A method of solution of the relevant thermal 
problem may be found in Ref. 6. 

Letting o and o, be the components of the average 
normal compressive bulk stress in polar coordinates, 
and ¢, and e, the corresponding strains, the generaliza- 
tion of Hooke’s law is written as follows. 

where p is the fluid pressure, v Poisson’s ratio and P 
the ratio of expression due to fluid pressure (analogous 
to the coefficient of thermal expansion). The fluid 
pressure is assumed to increase linearly with r from 
zero at r = r, to P at r = r, and to remain constant 
for larger values of r. Solving the equations of equili- 
brium the stresses and displacements may be found 
for r <r, and r >r,. For boundary conditions it may 
be assumed that radial stress is zero at the well face and 
tends to a value R at inifinity. At r = r, the radial 
stress and displacement may be assumed continuous. 
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It transpires that the transverse stress is compressive 
at all points. However, the radial stress may be tensile 
if r, is not much larger than r,,. The total radial stress, 
o,, is partly due to fluid pressure and partly due to con- 
tact between rock grains. To be sure that contact 
between grains is compressive at all points, it is evi- 
dently sufficient to demand that o, exceeds p every- 
where. 

The difference between the radial stress and fluid 


pressure is greatest at r = r,. At this radius o, is given 

by o where 

o= x) — BPO — 26 


and x For reservoir v is than 0.2 and 
B is less than 0.8. Hence, if R exceeds P, the second 
term is negligible compared with the first. In this case 
the radial stress exceeds the fluid pressure if 

If R is close to P, the second term in Eq. 3 cannot be 
omitted and this simple result does not obtain. 

For many reservoirs the overburden R is about twice 
the fluid pressure P. Then if 7, exceeds ro\V2 the rock 
grains are in compression at all points. For a well radius 
of 5 in. this implies that the thickness of the plug should 
exceed 2) 10: 
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Addendum 


The Use of Silicon Tetrafluoride Gas as a Formation 
Plugging Agent 


F. L. BECKER 

JUNIOR MEMBER AIME 
ROBERT J. GOODWIN 
ASSOCIATE MEMBER AIME 


Subsequent to the development of the alum-ammonia 
water shut-off method, a commercial source became 
available for a gas which reacts with water to form a 
water-insoluble precipitate. The use of this gas, silicon 
tetrafluoride, as a water shut-off material is a much 
simpler operation in the field than the alum-ammonia 
method because it is only necessary to inject the gas 
alone into the water-bearing formation to achieve a 
plug. The reaction between silicon tetrafluoride and 
water is shown by the following equation. 

3SiF, + (N + 2)H.O => SiO, - nH.O 

gas water 

liquid 

The fluosilicic acid is a water-soluble compound; 
however, the silicon dioxide solids are sufficient to plug 
the pores of a formation. There is an added plugging 
effect obtained in formations which contain a number 
of types of salts, such as calcium, magnesium and 
sodium, because the fluosilicic acid reacts with such 
materials to form water-insoluble compounds. There- 
fore, the plugging results should be improved in forma- 
tions which contain any of these salts. 

To evaluate the effectiveness of silicon tetrafluoride as 
a water shut-off agent, laboratory tests were made with 
the equipment described in the earlier paper. In all 
cases the gas proved as effective in plugging as had 
the alum-ammonia technique. It was necessary to pre- 
cede the gas into the formation with an inert fluid 
such as air or oil to avoid precipitation in the lines 
and on the face of the wellbore. In one test a 99 per 
cent plugged 2-in. length of Berea core was subjected 
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TABLE 1—RESULTS OF FIELD TESTS WITH SILICON TETRAFLUORIDE 


Maximum 
bottom-hole _ Water Production per cent 
Water zone injection No. Before After of 
Test well depth pressure treat- treatment treatment water 
location (ft) (psi) ments (gal/hr) (gal/hr) shut-off 
Oklahoma 411- 433 300 ] 368 8 98 
New Mexico 470- 500 320 ] 1,300 120 90* 
New Mexico 470- 515 325 ] 500 6) 100 
New Mexico 515- 563 350 1 550 80 85** 
New Mexico 460- 563 395 1 8 0 100 
Texas 4,500-4,900 2,532 1 2,500 250 SOx 


*Bottom of hole filled with cavings. 
**Face of hole covered with mud from cavings. 
***Formation inadvertently hydraulically fractured by treatment. 


to a pressure differential of 4,000 psi without altering 
the degree of plugging. 

After the laboratory tests some field tests were then 
made. The results of this work are shown in Table 1. 
The treatments were made under or between packers 
by preceding the silicon tetrafluoride into the formation 
with either oil or an inert gas (air or nitrogen) and 
then following it with an inert gas or a rubber plug 
and water. In all cases, water shut-offs ranging from 
90 to 100 per cent were achieved. 

There are some special safety precautions which 
should be taken with the field use of silicon tretrafiuo- 
ride in water shut-off work. These precautions are not 
unduly expensive or restrictive, and the routine should 
be as acceptable as that of an ordinary acidizing job. 

The use of silicon tetrafluoride for water shut-off 
should widen the application of air drilling to many 
new locations and should also be effective in water or 
gas injection projects for shutting-off known thief zones 
that can be isolated from the rest of the hole with 
packers. 
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A Generalized Water-Drive Analysis 


T. S. HUTCHINSON 
JUNIOR MEMBER AIME 
VY. J. SIKORA 

MEMBER AIME 


This paper presents a method for making a water- 
drive analysis without prior knowledge of aquifer 
geometry and uniformity using a standard desk calcu- 
lator. Although it is necessary to know the initial oil 
in place to use this method, this is a minor limitation 
to the scope of the method since in most reservoirs it 
is possible to obtain reasonably accurate volumetric 
oil-in-place estimates. 

An equation is developed which relates pressure at 
the water-oil contact to the water influx rate as a 
function of time by a factor called the resistance func- 
tion. The resistance function introduces the composite 
effect of the aquifer geometry and flow resistance dis- 
tribution. It is pointed out that the characteristic shape 
of this function makes it possible to start with an 
approximation of the function and successively improve 
the approximation until the correct resistance function 
curve is obtained. In this fashion water-drive estimates 
can be made without the limitation of assuming simpli- 
fied aquifer shapes and flow distributions. This is the 
novel feature of this development. Methods are given 
for extrapolating the final curve to calculate future 
aquifer behavior. 

Equations are developed for adjusting the pressures 
and water influx rates where it appears that possible 
errors in these quantities make it difficult or impossible 
to obtain a useable resistance function curve without 
this adjustment. 

Application of the pressure build-up analysis tech- 
nique to estimate some of the aquifer properties is also 
presented. 


On) 


A great many oil pools are the result of oil accumu- 
lation in some type of trap in an otherwise large and 
continuous porous stratum. The void space of this 
stratum outside of the oil pool itself is filled with water 
or brine. In analyzing performance of the oil pool sur- 
rounded by this water aquifer, it is quite necessary, in 
most cases, to include behavior of the water. 

When the pressure at any point in a fluid system is 
lowered, such as by opening a well in an oil sand, fluids 
in the immediate neighborhood of this point will begin 
flowing towards this lower pressure sink. As pressure in 
this area drops due to flow towards the sink, fluids 
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from farther out will start to flow towards the lower 
pressure. As more and more fluid is removed from the 
system, the distance from the sink or well within which 
flow is occurring will continually increase; that is, the 
region of disturbance will grow. If some rigid boundary 
such as a fault is reached by the disturbance, this area 
will cease to grow; but if some movable boundary is 
reached, such as a water-oil contact, the area will grow 
on out into the water, although rate of growth may and 
almost always does change. 


The relation between amount of pressure drop and 
amount of fluid flowing at any point and at any time in 
an aquifer depends on such factors as compressibility 
and viscosity of the fluids, the porosity and permeability 
of the rock, geometry of the whole system and with- 
drawal rate or pressure drop. With these factors 
known, it is theoretically possible to calculate the pres- 
sure-flow behavior of the system. However, in practice 
true solutions to the problem are next to impossible 
due to complexity of reservoir systems. 

A number of approximate methods of solution have 
been developed based on various simplifying assump- 
tions. One frequent assumption is that the water-oil 
contact can be located and equations defining oil reser- 
voir and aquifer solved separately by assigning values 
to various parameters so as to match past pressure and 
production history. Usually the properties of the aquifer 
are not known, since few, if any, wells are drilled 
through the aquifer; but the water influx and the pres- 
sure at the reservoir boundary are known over some 
time. 


If it can now be assumed that the aquifer is circular, 
pie-shaped, or linear, and that it has uniform properties, 
it is possible to fit a theoretical dimensionless curve to 
the past aquifer performance history and therefore 
calculate future water drive. These theoretical curves 
are available in the literature.”*” 

Of course, the assumption of uniform aquifer prop- 
erties is almost always somewhat in error. Fortunately, 
however, moderate variations from the average have 
little effect on behavior of the system; and, hence, the 
best fit of a theoretical curve is frequently satisfactory. 

In other cases variations in aquifer properties and 
geometry are large enough that none of the available 
theoretical curves will give an acceptable fit of the 
data. In these cases, methods of fitting the data with 
various electrical analyzers have been developed.*” 


It is the purpose of this paper to present an approach 
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to the solution of the water-drive problem not limited 
to applications where the aquifer has simple geometric 
shapes or simple flow distribution. It consists of develop- 
ing an approximate theoretical curve for each reservoir- 
aquifer system under study by a method of successively 
improved approximations, Such a curve would reflect 
the composite effect of whatever geometry and flow 
distribution existed, however complicated. If the pro- 
duction and pressure data are accurate, the theoretical 
curve will be exact, all any method can do. This method 
does not require the use of an electric reservoir analyzer 
and can be handled with a standard desk calculator. 


When studying behavior of the oil reservoir itself, 
it is frequently possible to consider only a series of 
steady-state conditions where pressure is not changing 
as a function of time. This is possible, at least in some 
cases, since pressure transients may occur quite rapidly 
compared to other changes; and a change in conditions 
at the well is reflected throughout the rest of the reser- 
voir in a relatively short time. 


On the other hand, when studying the behavior of 
aquifer associated with the oil reservoir, transients 
must be considered since the entire history of the 
aquifer may be covered by these transients. This is 
because in general the aquifer covers very large areas 
and pressure changes occur only as flow occurs. For 
example, in the East Texas field, an average pressure 
drop of about 1 psi in the aquifer causes a fluid expan- 
sion of 15 million bbl. It takes some time for this 
much water to flow to the reservoir. 

Because we are interested primarily in what effect 
the aquifer has on the oil reservoir, we need to know 
only what is happening at the oil-water boundary in 
the way of pressure-water influx relations. Pressure and 
flow distributions throughout the rest of the aquifer 
will, of course, affect what happens at the boundary; 
but we need not solve for these distributions directly. 


Consider what happens at the oil-water boundary as 
water flows across this boundary at constant rate. At 
first, pressure here will drop quite rapidly as water 
is put into motion in the regicns next to the boundary. 
As larger and larger areas are put into motion, the 
pressure drops less rapidly, but does continue to drop. 
If the aquifer extends indefinitely with uniform prop- 
erties, that is, thickness, porosity, permeability, vis- 
cosity, and compressibility, AP, the pressure drop from 
initial pressure, will continue to increase smoothly but 
less and less rapidly. This is shown graphically as 
Curve 1 of Fig. 1. (If the aquifer is uniform, radial, 
and infinite, a plot of AP vs log time would have a 
gradually decreasing slope for a period and then a 
constant slope.) This fact will be used later as a basis 
for prediction. At least it will behave this way until 
some lower limit in pressure is reached at the oil-water 
boundary when it will no longer be possible to maintain 
constaut rate. 


If the aquifer is closed (has a fixed boundary some 
distance out) the area of disturbance will eventually 
reach this boundary and shortly thereafter the rate of 
pressure drop at the oil-water boundary will become 
constant (Curve 2 of Fig. 1). This constant rate of 
change of pressure drop is directly proportional to 
water influx rate and inversely proportional to aquifer 
expansibility as expressed by the material balance 
equation, 
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If, instead, the aquifer outcrops into some source of 

water supply, the rate of pressure drop will reduce to 

zero sometime after the disturbance reaches the out- 

crop (Curve 3 of Fig. 1). 

Next, consider effect of non-uniformities in this 
aquifer. For example, suppose that some distance out 
the thickness or permeability is greatly reduced. This 
amounts to a restriction in the water supply (not as 
drastic as a complete shut-off of water flow) so the 
pressure drop will increase more rapidly than it would 
have had no restriction existed (but not as rapidly as 
for complete shut-off). Should the aquifer properties 
return to their original values out beyond this restric- 
tion, rate of pressure drop will begin to decrease again 
When the area of disturbance reaches this region. But 
all water coming from this outer region will still have to 
pass through the restriction on its way to the oil-water 
boundary, so the effect of this restriction will not be 
damped out. Total pressure drop will always be greater 
at a given time than it would have had no restriction 
existed. This effect is illustrated by Curve 4 of Fig. 1. 
A similar argument applies for the case where a region 
of greater thickness or permeability exists some dis- 
tance out into the aquifer. In fact, the effects of all 
non-uniformities in the aquifer can be analyzed con- 
ceptually in the same manner. 


This discussion is pointed towards an important 
feature of the curve representing pressure drop at the 
oil-water boundary as a function of time for a constant 
rate of water flow from the aquifer. This feature is that 
the slope of this curve is monotonically decreasing. 
This means that as the curve is followed towards in- 
creasing time, the slope either decreases or is constant, 
but never increases. The slope of this curve has its 
greatest value at time equal zero, the time that flow 
starts, and everywhere else either continually decreases 
or at least is constant with a minimum value of zero. 
Consequently, the pressure drop curve will have a gen- 
eral shape of concave downward. 

This characteristic of the pressure drop curve is of 
fundamental importance to the curve fitting procedure 
which is the basis of the proposed method of water- 
drive analysis. 
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THE RESISTANCE FUNCTION 


It has been shown in the literature’ that if this pres- 
sure drop-time curve for a constant rate is known, the 
value of the pressure drop for any known rate history 
can be closely approximated by the method of super- 
position. Using the notation of this paper, an expression 
is obtained’ for a constant rate in the form 

where e,, is the constant water influx rate “at! Z(t) iS 
the function for a particular aquifer which would 
give the pressure drop at any time for a constant water 
influx rate of unity. We have chosen to call Z(r) the 
“resistance function” due to its similarity to the flow 
resistance term in Darcy’s law or the impedance term 
in Ohm’s law. 

Eq. 2 shows that Z(t) is directly proportional to AP 
for a constant rate. Therefore, a plot of Z(t) curves 
for the AP curves in Fig. 1 would have the same char- 
acteristic shapes except for scaling. The restrictions 
concerning the shapes of the AP curves also apply to 
the Z(t) curves. 

If we plot the Z(t) for a particular aquifer we might 
obtain a curve as in Fig. 2a. Note that Z(t) is plotted 
increasing downward so that it resembles the curve of 
pressure vs time. The time scale has been divided into 
a convenient number of equal time intervals, and we 
may speak of time in terms of the number of an inter- 

Suppose that for the first interval water flows across 
the boundary at a constant rate, e,,,. Then, from Eq. 
2, we obtain 

The pressure drop up to ¢, = LNs is plotted as the solid 
curve of Fig. 2b. The dotted curve shows the pressure 
drop if this rate were continued. If the flow rate from 
t =f, on is zero, the pressure will build back up to 
some point below the original pressure (since Z(t) is 
for a closed aquifer). We obtain the shape of the build- 
up curve by combining the curves AP, = e,, Z(t) and 
AP; = — €,: Z(t — t,). The latter curve is the same as 
the first except that it starts at ¢ = 1, rather than at 
t = t, and has a negative sign. Thus, 

This is shown in Fig. 2c where the dotted line repre- 
sents AP,, the dashed line AP,, and the solid line AP. 

This is, essentially, the principle of superposition 
where effects of individual events are added together to 
obtain the cumulative effect. Thus, 

We may continue this additive process for as many 
intervals as we Wish. Thus, if in the second interval 
the influx rate is e,. and zero thereafter, we obtain 
KP = (20 —.4) — Z(t — 6) 


and in general 


+ «+++ (Z(t, — th) — Z(t. — 


CW) 
Since ¢, = nAt or t; = jAt, we define 
= GIN). = ZAG = 
and Eq. 7 may be rewritten, 


VOL. 216, 1959 


b | 

Cc 

2—PuysicaAL INTERPRETATION OF 

SUPERPOSITION PRINCIPLE. 


A somewhat more detailed derivation of Eq. 9 is given 
in the Appendix. 

With Eq. 9 and the proper resistance function, Z, the 
pressure drop history at the oil-water boundary may be 
calculated for any specified water influx rate and for 
any time. (Actually, pressures are calculated at the end 
of any time interval, and intermediate values can be 
obtained by graphical interpolation.) The problem now 
is to obtain the resistance function for the particular 
aquifer in question. One way to do this is to set up an 
electric analyzer model of the aquifer and vary the 
parameters in this model until the best fit of past history 
data has been obtained. This, of course, requires an 
electric analyzer of which some rather advanced designs 
have been developed.’ 

Another method of obtaining resistance function is 
presented here. In effect we are using the aquifer itself 
as model. The pressure and influx history, together 
with the necessary monotonic characteristic of the 
resistance function’s slope discussed earlier, provide 
the necessary information for determining the resistance 
function. 


Essentially, the determination of the resistance func- 
tion is the reverse of calculating pressure once the 
resistance function is known. In principle, we could 
solve Eq. 9 one step at a time. Since 


and since 


and so on up to AZ,. However, a few trials of this 
procedure show that this method is quite unstable and 
very small errors in the early data cause wild fluctu- 
ations in the later calculated values of AZ. 

Therefore, an alternate procedure has been developed 
which is a rapidly converging trial-and-error calcula- 
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tion. A resistance function curve of the right general 
shape is assumed, and pressure history is catculated by 
Eq. 9. This yields 


= > (AZ;) triat . (12) 
j=1 
If we divide both sides by AP,, the observed pressure 
drop up to time nAt, we obtain 


n 


SS 
ene. = ( n+1—7 (13) 


AP, 
With the choice of the right trial resistance curve, the 
“fitting” factors, S,, will be unity. If the S,’s are not 
unity, or close to it, a new resistance curve is required. 
A new trial resistance function is obtained as follows. 
If the right hand of Eq. 13 is solved for AP,, we obtain 


SS 
NPE = WAZ) 
S, 
= AZ; trin 
> (14) 


j=1 
Thus, it is seen that to fit a particular pressure drop, 
AP,, all of the AZ’s up to n should be changed by the 
factor, 1/S,, which is equivalent to changing Z,, (Z, = 


n 

> AZ,), by the same factor. Then for a new value 

of Z, the resistance function, we solve the equations 


In general, 5, 4S, — 1, at least in the first few trials; 
and, hence, a different correction will be applied to each 
value of (Z,) trial. This frequently results in the im- 
proved resistance function having bumps and dips 
which do no fit the requirement that the slope of this 
curve must be everywhere constant or decreasing. 
Therefore, we smooth this calculated curve to meet 
this requirement, letting the smoothed curve fit the 
calculated data as well as possible. It is this smoothed 
curve which we use as the new trial value of the 
resistance function for the next solution of Eq. 9. 

Experience has shown that if the basic data are 
accurate, the set of fitting factors, S,, calculated after 
about four trials will vary by less than 2 to 3 per cent. 
If so, a good resistance function curve has been ob- 
tained, and the next job is the extrapolation of this 
curve for the prediction of future behavior. Given 
accurate basic data, the procedure up to this point has 
taken into account the aquifer’s geometry, dimensions 
and homogeneity in the part invaded by the pressure 
transient. 


PREDIC TLON 


Several possibilities present themselves for the extra- 
polation of the resistance function to predict future 
behavior. First, if the latter part of the calculated 
resistance function has taken on a very definite straight- 
line property, it is reasonable to assume that the 
aquifer is bounded. Then from here on the pressure 
will drop at a constant rate for a given constant water 
flow rate. Since the resistance function is characteristic 
of this pressure drop, it can be extrapolated as a straight 
line with slope equal to that of the last portion of the 
smoothed calculated curve. 

On the other hand, if no such straight-line property 
is indicated, we really do not know whether another 
year or two of history will reveal such property or 
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whether the aquifer extends indefinitely. Also, since the 
values of the AZ’s for large aquifers for the last three 
or four time intervals may approach the values of the 
AZ’s for an infinite aquifer, the last three or four 
AZ’s should be examined to see if an equally good 
match to the past performance could be obtained 
using an average of the AZ’s for these intervals. If an 
equally good match is obtained, it is possible that the 
aquifer is bounded and the Z curve should be extra- 
polated using a constant slope of the average AZ. 
This adjustment of AZ for the last three or four 
intervals is equivalent to adjusting the size of the 
aquifer to check effect on the past performance. 

In some cases if the radius of drainage, r,, estimated 
from an analysis of the AZ data, agrees with known 
geological data, it can be assumed that the aquifer is 
bounded and the future AZ’s can be taken equal to the 
last AZ. 

In the absence of any outside data to the contrary, 
the best we can do is to extrapolate Z assuming the 
two extremes of (1) an immediately bounded aquifer 
and (2) an “infinite” aquifer with uniform properties 
determined by the average properties of that portion so 
far investigated. The extrapolation as an infinite aquifer 
may be accomplished using Eq. 16. 

ni 


log 
log 


= 

If a good estimate of the maximum pore volume 
V, is available, an estimate of the minimum AZ possible 
can be calculated using Eq. 17. 

At 

Eq. 16 can then be used to calculate the AZ’s until 
the minimum AZ is calculated. After this time the AZ’s 
are taken equal to the minimum AZ. 

In summary, where there is insufficient past per- 
formance to indicate definitely a bounded aquifer, 
there are three possible extrapolations of Z: (1) assume 
an infinite aquifer based strictly on the estimated Z 
curve, (2) assume an immediately bounded aquifer 
based strictly on the estimated Z curve, and (3) use 
an average AZ for the last three or four intervals and 
assume a bounded aquifer. 

The first extrapolation will give the minimum future 
pressure drop based on past performance and the last 
the maximum future pressure drop. 


The engineer may calculate future performance for 
the extrapolation he considers most representative or 
for all extrapolations, and then decide on the most 
representative. The latter will at least show the limita- 
tions of the predictions. 


One other possibility, of course, is that the aquifer 
outcrops into a good water supply, in which case the 
resistance function curve will level off to zero slope. 
However, there will usually be other evidence to indi- 
cate this. 


With the extrapolated resistance curve or curves, it 
Is now possible to calculate future behavior for any 
assumed influx rate through the use of Eq. 9 by merely 
taking into account more intervals than were considered 
in matching past history. Generally, it will be the oil 
production rate rather than the water influx rate which 
will be specified. This presents no serious problem since 
the water-drive calculation can be combined with the 
material balance calculation with relative ease. 


AZ = (17) 
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1f pressures are to be calculated as a function of 
water influx rate, Eq. 9 should be used. If the water 
influx rate as a function of pressure drop is to be cal- 
culated, Eq. 18 should be used. 
= e AZ 
n INE j = j 
In most cases the number of time intervals should be 
limited to a maximum of 30. If the prediction is to 
extend beyond 30 intervals the number of days per 
interval should be doubled. The new average water 
influx rates and AZ’s for the new intervals can be 
calculated using Eqs. 19 and 20. 


old e,, TOM 


5 


(18) 


e w 


(2n-1) 


(19) 


new = 


news AZ. — old AZ... oldiAZ (20) 


ESTIMATION OF AQUIFER PROPERTIES 


While it is not essential that aquifer properties be 
estimated before using the final AZ’s to calculate the 
future aquifer behavior, some measure of confidence 
in the results is obtained if the estimated aquifer prop- 
erties from the AZ data appear reasonable. 

An approximate value for kha/ can be obtained 
by an analysis of the aquifer pressure build-up curve. 
The procedure consists of calculating a pressure build- 
up curve using the final set of AZ’s and applying the 
standard well pressure build-up analysis techniques.’ 
This procedure will be illustrated in the sample cal- 
culation. 


ERRORS IN BASIC DATA 


Accurate data, of course, is desirable. However, in 
some cases it cannot be expected. When inaccurate 
data are used, the results of the first one or two trials 
of the resistance function may indicate obvious errors. 

If variations are not too large and appear to be 
random, a simple smoothing of the Z curve may well 
be sufficient. However, it is somewhat difficult to deter- 
mine just how random the errors are from the plot 
of the calculated Z values since points near the end 
of the curve depend on earlier values. For this rea- 
son, it may be well to at least solve Eqs. 21 and 22 
to obtain the magnitude of the pressure and influx 
corrections required. These equations each assume that 
the smoothed resistance function curve and the other 
basic data curve, water influx or pressure, are cor- 
rect. Either of the calculated corrections, if applied, 
will make all data and the resistance function com- 
patible. These equations are 


Save Sn 


and 
Sa 
( )ar. AZ 


(22) 
where 0AP, and ée, , are the corrections to pressure 
and influx to make the basic data, if but one of them is 
applied, fit the resistance function, Z,, in Eq. 22. 
Since the resistance function is not as yet accu- 
rately determined, these corrections should not be ap- 
plied indiscriminately. Usually, some additional in- 
formation will be available to help decide how much 
of each correction should be applied. For example, 
production data may be very much in doubt while 
pressure data may be thought fairly accurate. In this 
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case it might be suggested that about 0.4 of the in- 
flux correction and about 0.1 of the pressure correction 
be applied. If the reverse were true about the sup- 
posed accuracy of the data, proportions of the cor- 
rections to be applied would be reversed. 


No set rule can be suggested for applying these cor- 
rections. However, a few pointers can be passed along 
which may help in applying the judgment necessary. 

The first of these concerns the inadvisability of ap- 
plying the total correction as was mentioned above. 
Next, a change of data in the early part of the curve 
will greatly affect the latter part of the curve. Thus, 
when relatively large changes are required, they should 
probably be made in the early part of the data first 
so that their effects on the latter part of the curve can 
be considered in deciding what subsequent changes 
should be made. In this respect, when the calculated 
resistance function is smoothed, some extra weight 
should be given to the latter part of the data, for here 
the data are apt to be more accurate and calculation 
will tend to average out random errors. 

Finally, trends in the corrections may be noted such 
as all positive corrections in the early part of the data 
and all negative corrections in the later data. Such 
trends indicate systematic errors for which supporting 
evidence should be sought. A comparison of the plots 
of the basic data, pressure and water influx rate vs 
time may indicate the most likely regions of discrep- 
ancies. 

Since water influx is usually obtained by a material 
balance calculation on the reservoir using measured 
pressure data, an additional check is available to see 
if the corrections are consistant. If the pressures are 
assumed to be in error and corrections on these data 
are made, corresponding changes in the water influx 
data may be calculated by material balance. Of course, 
errors in in-place oil or oil properties may invalidate 
this check so it should be used only as a guide. This 
is especially true since experience has shown that the 
simultaneous solution of the material balance and the 
water-drive equations, which is what this check amounts 
to, is quite unstable, and accurate solutions are difficult. 

It should be emphasized that this same problem of 
data errors is encountered no matter what method of 
water-drive analysis is used. The method given for 
adjusting the data can be applied with any water-drive 
procedure with only minor adjustments in equations. 
It is impossible to correct exactly the basic perform- 
ance data; there are too many unknowns for this. 
However, any method of fitting a curve to the data 
available requires, in a sense, adjustment of inaccurate 
data. The method proposed should be a systematic aid 
in exercising the judgment required to make this ad- 
justment. 

Fig. 3 shows the effect of pressure errors on esti- 
mated resistance function and predicted performance. 
In this case, pressure drops used in the analysis to 
estimate the resistance function were about 15 psi 
too low between the 11th and 15th intervals and 
varied from 0 to 7 psi too low earlier. As could be 
expected, the final estimated resistance function curve, 
Z, was too low—not much—but enough to make the 
future predicted pressure drop about 100 psi too low 
at the end of 30 intervals. This is to be expected when- 
ever these errors are present, no matter what method 
of analysis is used. 


SAMPLE CALCULATION 


In this sample calculation the water influx rates and 
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pressures were calculated for a hypothetical reservoir 
and aquifer so that the procedure could be illustrated 
using accurate data. Application of the procedure to 
inaccurate data will be illustrated following this ex- 
ample. 


ESTIMATION OF Z AND AZ 
1. Calculate the water influx as a function of time 


using the general material balance equation. 

Water influx = voidage — expansion eee 5) 
Divide the time into 10 to 20 equal intervals (fifteen 
60-day intervals in this example) and calculate the 
average water influx rate over each interval. The rates 
for this example are tabulated in column 2, Table 1. 
and in reverse order in the last column. 

2. Tabulate the pressure drop from initial pressure 
for each interval in column 3. 

3. Tabulate the first approximation to Z, in column 
4 and AZ, in column 5. A convenient first approxi- 
mation is 

Z, = Vn (24) 

4. Calculate the pressure drop using Eq. 12 (col- 
umn 6). In this equation the summation terms are 
arranged in reverse order: i.e., the water influx rate 
for interval “n” is multiplied by the AZ for interval |. 
Therefore, by detaching the Jast column and aligning 
it so that water influx rate, n, is adjacent to AZ,, all 
of the water influx rates will be aligned with the cor- 
rect AZ’s. For example, the columns will be aligned 
as shown in the following sketches to calculate pres- 
sure drop at the end of the fifth interval for the first 
trial 


TABLE 1—WATER-DRIVE ANALYSIS SAMPLE CALCULATION EXAMPLE 


] 3 4 6) 6 8 9 = 10 12 
n ew, A\pn} Zn AZn /\Pn2 Sn Zn Zn AZn A\Pn* Sn 
Eq. 24 A4 Eq. 12 Fig. 
3 7 4 3 
= B/D psi psi psi psi = psi psi psi psi 
1 56.7 17.9 1.000 1.000 56.7 SZ5 315 315 315 17.9 1.000 
2 131.4 45.6 1.414 4l4 154.8 3.256 434 -434 Aya he. 48.2 1.056 
3 284.4 108.4 1.732 .318 356.8 Crz92 .526 -526 092 110.5 1.019 
4 489.3 199.1 2.000 .268 664.0 3.335 .600 .600 074 204.3 1.026 
5 741.4 320.6 2.236 .236 1083.0 3.378 662 -662 -062 331.2 1.033 
6 1012.1 465.6 2.449 .205 1593.5 3.423 716 716 .054 484.3 1.040 
7 1277.8 625.1 2.646 aLoZ. 2168.9 3.470 .763 .763 -047 654.7 1.047 
8 1399.7 752.2 2.828 .182 2659.3 3.536 .800 -800 037 794.8 1.057 
Y 1475.2 859.9 3.000 AW 3097.2 3.602 .833 -833 .033 915.9 1.065 
10 1542.7 958.5 3.162 -162 3.664 .863 .030 1026.8 1.071 
11 1569.4 1039.5 3875.4 3.728 -890 -890 .027 1118.6 1.076 
12 1618.5 1120.0 3.464 .147 4239.7 3.785 915 915 .025 1207.8 1.078 
13 1600.1 1176.7 3.606 -142 4531.9 3.852 .936 937 -022 1270.8 1.080 
14 1628.3 1238.5 3.742 .136 4839.0 3.907 -958 -958 .021 1336.5 1.079 
15 1661.6 1300.3 3.873 131 5146.6 3.958 979 979 .021 1400.5 1.077 
Zn Zn AZn IN Sie AZn n AZn ew 
& Fig. A 14 Equali2 16 14 16 A 18 Eq. 16 
12 4 3 Savg' Save 
.315 315 17.9 1.000 3082 .3082 16 0176 0164 1661.6 
All 427 A7.7 1.047 4178 46.7 -1096 0176 0155 1628.3 
516 515 .088 109.3 1.008 -5039 107.0 .0861 18 0176 0146 1600.1 
.584 585 .070 201.5 1.012 -5724 197.2 .0685 19 0176 0138 1618.5 
.641 640 055 325.7 1.016 -6262 315.8 .0538 20 0176 0131 1569.4 
-688 687 .047 474.7 1.020 -6722 464.5 .0460 21 0176 0124 1542.7 
728 725 .038 639.3 1.023 7094 625.6 .0372 22 0176 0119 1475.2 
756 -031 772.0 1.026 755.4 0303 23 0176 0113 
782 784 .028 885.1 1.029 .767) 866.1 0274 24 0176 0109 1277.8 
.806 .809 .025 986.8 1.030 7916 965.6 0245 25 0176 0104 1012.1 
.827 832 .023 1068.7 1.028 8141 1045.7 0225 26 0176 0100 741.4 
.849 853 -021 1148.2 1.027 .8347 1123.5 0206 PY; 0176 0096 489.3 
.867 872 .019 1201.6 1.022 -8533 1175.8 0186 28 0176 0093 284.4 
.888 890 .018 1259.0 1.017 8709 1231.9 0176 29 0176 0090 131.4 
.908 903 .018 1316.9 1.013 8885 1288.6 0176 30 0176 0086 56.7 
1Observed Eq. 24: Zn = Vn 
“Bounded aquifer Eqs UA (erro ) (AZ;) 
"Tabulated in reverse order 
n 
(APj)eate. log 
log 
(APj)observea n- 
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ewis 1,661.6 


ews AZi 741.4 1,000 = 741.4 
Az 489.3 0.414 = 202.6 
ews = 284.4 0.318 = 90.4 
AZ; 1,083.0 = AP 
0.131 
n 


Use of a desk calculator is recommended so that 
individual products can be automatically summed. 

5. Calculate the “fitting” factors, S,, using Eq. 13 
(column 7). 

6. In most cases the fitting factors will vary consid- 
erably from unity for the first approximation to Z. 
Therefore, calculate a second approximation to Z using 
Eq. 15 (column 8). 

7. Plot Z, as a function of nm (Fig. 4) and draw a 
smooth curve through the points, making certain the 
slope is positive and continuously decreasing or con- 
stant. Fit of this curve may be poor. 

Note that in fitting the curve to the data points more 
Weight is given the later points since the later data 
are generally the most accurate. 

Occasionally there may be a consistent tendency 
for the Z curve to show an increasing slope. This may 
be due to one or more reservoirs supported by the 
same aquifer or errors in basic data. A consistent tend- 
ency for the Z to decrease may be due to fluid injec- 
tion into the aquifer or errors in basic data. If there is 
interference from other reservoirs or fluid injection into 
the aquifer, this method can only give approximate 
results, since any extrapolation of the Z curve is also 
a function of the interference. If the tendency is due 
to errors in the basic data, go to error correction pro- 
cedure. 

8. Using data from the smoothed Z, curve, repeat 
Steps 3 to 8 until it is not possible to change Z, sig- 
nicantly (usually three to five trials). In this example 
only three trials were needed. 

9. When it is no longer possible to refine the Z 
curve, calculate the average S using Eq. 25. 
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10. Calculate the best estimate of Z to this point using 
Eq. 26 (column 18). 


final Z, = . .. (26) 


11. Divide each summation term for the last estimate 
of AZ in Step 4 to obtain the calculated pressure drop 
for the best estimate of Z in Step 10 (column 19). 

Pave j= 1 

12. If the differences between the calculated and 
field pressure drop are within engineering accuracy, 
the Z’s calculated in Step 10 can be considered the 
best estimate. 

13. Calculate new AZ’s from the best estimate of Z 
(column 20). 


PREDICTION 


Since in this example a bounded aquifer is not 
definitely indicated, future behavior will have to be 
calculated, assuming first a bounded aquifer and then 
an infinite aquifer. The AZ’s for the bounded aquifer 
(column 22) are taken equal to the last AZ. The AZ’s 
for the infinite aquifer (column 23) are calculated 
using Eq. 16. Since the water influx per psi drop may 
be low for the bounded aquifer assumption and high 
for the infinite aquifer assumption, it may be desirable 
in some cases to calculate future behavior using aver- 
age values of AZ for the bounded and infinite aquifers. 

Fig. 5 compares predicted pressure performance for 
the two assumptions and the true pressure perfomance 
for the assumed future water influx data shown, 

The data points for the original Z curve are also 
plotted to show a comparison between the original data 
and the final estimate. Additional trials could be used 
to get a closer agreement to past performance and a 
more exact prediction. However, the purpose of this 
example is to show that it is only necessary to match 
the past performance within engineering accuracy to 
get a good predicted performance. 


ESTIMATION OF AQUIFER PROPERTIES 


Estimation of aquifer properties is not necessary to 
predict future performance; however, if it is desirable 
to estimate the approximate value of aquifer properties, 
the following procedure can be used. 

1. If a constant unit water influx rate is assumed to 
interval a and then zero, Eq. 28 can be used to calculate 


800 
| 


WATER INFLUX RATE (8BL. PER DAY) 


TIME INTERVAL NUMBER (60 DAYS PER INTERVAL) 
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the pressure build-up curve between intervals n = a to 
n = 2a. 


(n—a-+ 1) 
Interval a is the interval in which AZ becames constant 
if the aquifer is definitely bounded or is the number 
of intervals originally used to estimate AZ if the aquifer 
is not definitely bounded (a = 15 in this example). 

2. The property kha/u can be estimated using Eq. 
29 and the pressure build-up curve analysis method 
presented by Miller, Dyes and Hutchinson’ if a bounded 
aquifer is indicated or the method presented by van 
Everdingen’ if a bounded reservoir is not indicated. 

kha 162(27) 

where F is the slope of the straight-line section of the 
pressure build-up curve. 

Since a bounded aquifer is not indicated in this 
example, the van Everdingen method was used (see 
Fig. 6). In this case, 

kha 162(2z) 


3. If h, ¢, c, a and pw can be estimated from field 
data, k can be calculated using Eq. 29, and r,’ calcu- 
lated using the equation relating aquifer properties to 
the time to approach steady state.’ 

This equation will give an estimate of the r, for an 
indicated bounded aquifer or the minimum r, affected 
by the known pressure history if a bounded aquifer is 
not indicated. 

In this example: h = 20 ft; . = 0.6328 cp; ¢ = 0.20; 

a = 0.5 radians; c = 6 X 10° psi’; 


(29) 


= 1,900. 


(30) 


0.6328 
k = 1.90) — = 
re ,900) (20) (0.5) (1,900) 120 md, 
and 
oe aAtk (15) (60) (120) 


(50) (0.20) (6 X 10°) (0.6328) 
Otte. 
4. If a bounded aquifer is indicated, Eq. 31 can 


be used to calculate an estimate of the aquifer pore 
volume (V,). 
At 


If the aquifer were bounded in this example, the pore 
volume would be 


Fic. 6—Aguirer Pressure Burtp-up Curve ror 
SAMPLE CALCULATION. 


60 

(6 10°) (0.0176) 

The calculated value of kha/p is about twice the 
value used in initial calculations (888). Since this 
pressure build-up analysis is based on the assumption 
of a point sink in an infinite aquifer, the greater the 
ratio of radius affected to the reservoir radius, the 
greater the accuracy of the analysis. This is also true 
for the Miller, Dyes and Hutchinson build-up analysis 
for a bounded aquifer. 


= 568 10° bbl. 


NOMEN CLATUER 


r, = reservoir radius, ft 
S = fitting factor, fraction 
Z = resistance function, psi/B/D 
a = angle open to flow, radians 
AP = pressure drop from initial pressure, psi 


p. = water viscosity, cp 
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APPENDIX 


DEVELOPMENT OF EQUATION 


The equation for the pressure drop at the inner 
aquifer boundary as a function of time and influx 
rate has been presented by A. F. van Everdingen and 
W. Hurst.’ It assumes uniform aquifer properties and 
idealized geometry and can be put in the form, 


F (0.008328 

The function, F( ), is determined by the geometry 
of the system and will be different for each aquifer 
Shape investigated. Factor a is the angle open to flow 
for a radial system and is unity for a linear system. 
Also, for a linear aquifer, the factor, r,, in Eq. 32, the 
radius of the oil pool in a radial system, is replaced 
by the width of the flow system. Tables of the function 
F for linear and radial aquifers of various extents are 
reported in the literature.*” 


The superposition principle allows us to modify Eq. 
32 to account for nonconstant water influx rates. If we 
have an average influx rate, e,,, from f, to ty, @w. from 


Cw 
(0.001127) ahk,, 


*See AIME Symbols List in Trans. AIME (195 2 fe 
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ty to t,, and e,, from f, ,, t, the time of interest, we may 
write separate equations for each rate and combine 


fhe 


C1 [F (tp = to, F(tp ty) (33) 
Where 
Cw few Tp 


As more and more intervals are to be considered, 
Eq. 33 can be further modified to take them all into 
account, or the sizes of the time intervals can be 
reduced to obtain any desired degree of accuracy. The 
reasoning for combining the equations to obtain Eq. 
33 is covered to some extent in the discussion part of 
this paper and in detail in the literature.’ Further modi- 
fication of Eq. 33 leads to the general equation, 


where 1/b = y,,/0.001127ahk,,, and t > ty. 

As Eq. 35 is now written, the value of the function 
F must be looked up for each value of ¢ — t; used. A 
considerable simplification for calculation can be at- 
tained by using constant time intervals and tabulating 
the values of AF for various At,’s once and for all. If 
this is done, and we define 

We can rewrite the general equation as 


1 n 
h n+1—j 
Note that Eq. 36 still assumes uniform aquifer prop- 


erties. This form of equation allows a decided im- 


provement in calculation time for we find that each 
successive AP calculated depends on a rearrangement 
of the e,,s and AF’s previously used with but one new 
value of each added. 

So far we have assumed uniform aquifer properties 
to obtain values of 1/b and ft, and a particular geometry 
to obtain F(t,). We now consider the case where the 
properties are not uniform and the geometry is not 
regular or is unknown. If we rewrite Eq. 36, 


AF 
j=1 b j 


the value of b for the j-th interval need only describe 
the series averaged aquifer properties from inner aquifer 
boundary to the region which is disturbed at time t;. As 
we take smaller and smaller time intervals, this value 
more accurately describes the effect of property varia- 
tions, Similarly, the coefficient of ¢ in the definition of 
tp, Eq. 34, can be chosen to be a series averaged value 
for the interval. We can now modify Eq. 37 further to 
obtain 


g=1 
where 
IN 
(op) ( ) 


Eq. 38 is Eq. 9 of the paper. It does not give us the 
values of the resistance function, Z, to use in water- 
drive calculations, but does give us the form of the 
equation for fitting past performance to obtain the 
proper resistance function as described in the body of 
the paper. Again, let us emphasize that this equation 
works for both uniform and non-uniform aquifers. An 
application of the method to a hypothetical uniform 
aquifer based on the literature values of the function 
F, back calculated the function F within the accuracy 
of the data used. 


M. MORTADA 
MEMBER AIME 


The analysis of the general water-drive problem, in 
which the aquifer does not fulfill the usual assumptions 
of simplified geometry, homogeneity, and isotrophy, is 
of practical interest. And a method which renders this 
type of analysis amendable to treatment on a desk cal- 
culator can be a useful tool to the practicing reservoir 
engineer. However, the validity of the method proposed 
in this paper, rests on two implied assumptions. 

1. Eq. 36 of the Appendix, 

AP, = Sle. 

is a correct statement of the superposition principle as 
applied to a homogeneous and isotropic system of any 
geometry. In this equation, b is a constant dependent on 
the liquid viscosity and the formation permeability and 
geometry. The truth of Eq. 36 follows directly from 
the linearity of the differential equation describing the 
performance of a homogeneous and isotropic system. 
Eq. 36 was manipulated to obtain Eq. 37, 


AF 


n41-j 


b 
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AF 
and by setting (=) = (AZ),, Eq. 38 follows, 


AP, = 
j=l 
Eq. 38 was used in the paper as the basis for the 
proposed generalized method. The applicability of Eq. 
38 to a system which is non-homogeneous and aniso- 
tropic cannot be a direct consequence of Eq. 36, More- 
over, inserting the factor 1/b inside the summation 
sign is permitted only when b is a constant (Eq. 37). 
The manipulation of a mathematical expression describ- 
ing the behavior of a physical system with certain 
characteristics does not render the manipulated ex- 
pression applicable to another physical system with 
different characteristics. Of course, the validity of Eq. 
38 may be rigorously examined by analyzing the line- 
arity of the differential equation describing the gen- 
eralized system. 


2. Assuming, for the time being, that Eq. 38 describes 
correctly the behavior of an aquifer which is non- 
homogeneous and anisotropic. If Eq. 38 is to be solved 


) (AZ);. 


n+1—j 
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for the impedance function, Z, by the iterative pro- 
cedure proposed in this paper, then it is necessary to 
show that this iterative procedure converges. If the 


only condition imposed on the impedance function, Z, 
is that dz/dt decreases with increasing f¢, it is not ap- 
parent that this is a sufficient condition for convergence. 


AUTHORS’ REPLY to M. MORTADA 


Mortada states that the validity of this method rests 
on two implied assumptions: (1) that Eq. 38 is a cor- 
rect statement of the superposition principle as applied 
to non-homogeneous anistropic aquifers and (2) that 
the trial-and-error procedure converges. 

Eq. 37 should be stated as being one form of the 
equation describing a non-homogeneous anistotropic 
system. While it is written in the same form as Eq. 
36, it is not a direct consequence of Eq. 36, In order 
to go from Eq. 36 to Eq. 38, it is necessary to divide 
the aquifer into a series of adjacent homogeneous areas. 
A rather lengthy and messy application of the method 
of mathematical induction will then show that the pres- 
sure drop is given by 

1 
f2(AFs, by, bs) 
If we replace AF,/b,, f,(AF,, bi, f.(AFs, 51, bs), etc. 
by AZ, AZ,, AZ,, etc., all of which can be shown to be 
constant with time, our Eq. 38 results. 

Also, a linear partial differential equation can be 
written for each of the homogeneous areas. Since the 
equation describing the non-homogeneous system is a 
solution of this set of linear partial differential equations 
and is also linear, the principle of superposition applies.’ 

Hence, the basic assumption is not that we may 
assume that the equation for a uniform system applies 
to a non-uniform system (for we have not made this 
assumption) but that the aquifer may be divided into 
finite sized elements in which the properties may be 
assumed to be constant. In principle we may divide the 
system into as many elements as we choose, but there 
are practical limits. 

Also, it should not be implied that Eq. 38 applies 
only to non-homogeneous anisotropic systems. It applies 
equally well to uniform systems since the uniform sys- 
tem is a special case in which the individual areas have 
identical properties. 


To show that the trial-and-error procedure con- 
verges when the basic data are exact is relatively easy. 
For example, if there are n intervals, it will take a 
maximum of 2+ 1 trials to obtain a final solution, 
since for all practical purposes the trial-and-error pro- 
cedure reduces to a direct solution interval by interval 
(n simultaneous equations and n unknown AZ’s). As 


n-2 
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a matter of fact, the trial-and-error procedure is not 
necessary here since the n equations can be solved 
directly, but it is still applicable. 

The condition that dZ/dt be positive and never in- 
crease with time is a necessary condition for a single 
pool aquifer where the aquifer properties do not vary 
with time or pressure. Note that where the data are 
exact as just stated, this condition is automatically met 
in n+ 1 trials. However, if imposed at the end of 
each trial it may be possible to reduce the number of 
trials. 

Since errors almost always exist in the data, the 
direct determination of Z and the calculated adjusted 
values of Z in the trial-and-error procedure may result 
in negative and/or increasing values of dZ/dt. How- 
ever, unless the data are grossly in error, the calculated 
values will specify fairly narrow limits within which 
the most probable solution exists. Using his best judg- 
ment and the slope limitations of dZ/dt as a guide, the 
engineer can decide which points are more in error 
than others, smooth the calculated Z curve, and obtain 
the most probable solution. 


This same approach is used in electric analog solu- 
tions of the problem where electrical components are 
manipulated to duplicate the past performance. Here 
again, the engineer must not use nonlinear components 
to exactly duplicate the erroneous data, but must use 
his best judgment to obtain the most probable combi- 
nation of linear components to best match to the aquifer 
performance. 


In summary it can be said that to obtain a solution 
in this method it is necessary: (1) that the data be 
accurate or at least enough of the data be sufficiently 
accurate to permit the engineer to select the most 
probable solution; and (2) if the aquifer properties are 
linear, the results must reflect this condition. In a single 
pool aquifer this means that dZ/dt is always positive 
and never increases with time. 

It was hoped that those interested in this method 
would try it on a case where the data were known 
to be fairly accurate. The stability and rapid conver- 
gence would then be more readily seen. 
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Nonlinear Behavior of Elastic Porous Media 


W. VAN DER KNAAP 


eR 


A theoretical and experimental analysis is given of 
the change in volume of a porous medium due to 
changes in external and internal pressures. The results 
enable one to deduce directly the effect of large incre- 
ments in stresses. 

It is shown that the three-dimensional representa- 
tion of the volume of a nonlinear porous system is a 
cylindrical ruled surface, the generating lines of which 
have a slope according to the solid rock compressibil- 
ity. Analytical expression for such a surface is very 
simple. It follows that the bulk and pore compressi- 
bilities depend only on the difference between pore 
fluid and external hydrostatic pressure, i.e., the effective 
rock frame pressure. From measurements on a number 
of sandstones as well as limestones it can be concluded 
that for practical values of this effective frame pressure 
the pore compressibility falls in the range between the 
compressibility of water and that of undersaturated 
crude oil. 

In general, pore compressibility is found to be higher 
the lower the porosity. For a particular limestone reser- 
voir pore compressibility and porosity could be related 
by means of a simple empirical formula. 

Results from the described study find a direct appli- 
cation in material balance calculations and in problems 
of liquid flow through porous media. Since the elastic 
constants of the rock bulk material enter into equa- 
tions for velocity of acoustic waves, the results are also 
of importance for calculating rates of wave propaga- 
tion in these media, It is shown for sandstones with 
15 to 30 per cent porosity that laboratory measured 
porosities may differ from those under reservoir con- 
ditions by about I per cent of their value. The differ- 
ence for low porosity limestones can be of the order 
of 10 per cent. The subsidence caused by elastic defor- 
mation of reservoir rock is shown to be very small. 


LN ERO DUC 


General formulas relating pore and bulk volume to 
external and internal pressure can be derived, as has 
been shown by Biot’, Gassmann* and Geertsma.” Their 
theories describe the differential change in volume 
caused by a variation in pore fluid tension and external 
hydrostatic tension. 

It has been known for a tong time’ that the stress- 
strain relations of a packing of spheres are essentially 
noninear. Our experiments show that for almost all 


Original manuscript received in Society of Petroleum Engineers 
office July 28, 1958. Revised manuscript received May 8, 1959. Paper 
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Engineers in Houston, Tex., Oct. 5-8, 1958. 
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reservoir rocks which are elastically deformable the 
relation between volume and loading is also a non- 
linear one, resembling that of a packing of spheres 
very closely. The behavior of these media is often 
described by using the linear stress-strain relations 
for small incremental stresses and strains in the vicinity 
of a pre-stressed condition.’ The present study differs 
from these considerations in that it enables one to 
deduce the effect of large increments in the stresses 
directly. 


THE STRESS SYSTEM IN A POROUS MEDIUM 


In analogy to the stress tensor for a homogeneous 
body the stress tensor for a porous body can be written 
in the conventional way: 


Oy Tay Tere 
Tye Sy Tyz 
Tze Tzy Fz ( 1 ) 


where the tensor components, o,; and 7;;, represent the 
total forces acting on the faces of a unit cube of porous 
material. 

This tensor can be split into two parts, a hydrostatic 
and a deviatoric part, as follows”*". 


00 0 

and 

Ty Tyz 

where the component of the hydrostatic stress system, 
equals 


The hydrostatic stress causes a change in volume 
whereas the deviatoric stress system gives rise to a 
change in shape only. 


DISCUSSION OF NONLINEAR STRESS-VOLUME 
RELATIONS 


One of the difficulties in describing changes of 
volume occurring in reservoir rocks is that the relations 
connecting these volume changes with external and 
internal stresses are essentially non-linear. A complete 
description requires the bulk volume, V,, as well as the 
pore volume,V,, to be known as a function of both the 
changes in pore fluid tension (0) and the hydrostatic 
tension (a) on the outer boundary. 
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As shown elsewhere’ it is possible, for infinitesimal 
variations in o and a, to reduce the number of para- 
meters required for the description by applying general 
principles from elastic theory. In this and the follow- 
ing section we will discuss how also for finite varia- 
tions of the stresses an analogous reduction in the 
number of required data can be obtained. 


We shall consider an elementary volume with dimen- 
sions which are large compared to the inhomogeneities 
caused by the pores. When varying inside and outside 
tension with a finite amount, o and a, the new bulk 
volume (V,) can be described mathematically by 
means of a series expansion. 


= OV 


In Eq. 5 the index, i, refers to an arbitrarily chosen 
initial state. 

When starting from a completely unstressed con- 
dition and applying tensions, o and a, which are equal 
and of magnitude II, the change in volume is given 
by the linear relation. 

where c, is the rock matrix compressibility. In the 
pressure range of importance, c, can be regarded as a 
constant. 

We now assume that also when starting from an 
arbitrary prestressed condition (o;, 0;) we may write, 

+ Io, + 1) 01) = 

independent of the values of o; and o; at the start, c, 
being identical in Eqs. 7 and 6. The substitution of II 
for « and o in Eq. 5 and combination with Eq. 7 gives, 

00 2! oo 


Since the coefficients of II, II’, etc., on both sides of the 
identity Eq. 8 must be equal, it follows that 


aVs 


and 


dade 

Likewise the higher order coefficients vanish. 

Eq. 9b does not imply that the individual higher- 
order coefficients are zero. Consequently for arbitrary 
values of o and o in Eq. 5 the higher-order terms must 
be maintained. 

Since an analogous argument can be given for the 
pore volume (V,) and the rock volume (V,), Eqs. 
5 through 9 also hold when replacing the suffix ) by 
p and s respectively. 

The foregoing derivations are valid if the usual 
conditions are fulfilled; thus both the bulk and the 
rock matrix material have to be elastically isotropic 
and the rock matrix material must be homogeneous 
as well. 

In earlier studies by Biot’, Gassmann* and Geertsma’ 
it was shown that the following relation holds. 
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This, according to Biot’s article, comes to H, = H. 
With the aid of this relation an expression relating 
pore and bulk volume can be derived if the latter is 
known as a function of o and o. 

Variations in rock volume are relatively small com- 
pared with those of bulk and pore volume. We may 
therefore assume that the change in rock volume (V,) 
caused by a finite change in o and a is sufficiently 
described by its first term in the series expansion. 
Noting that the sum of pore and rock volume equals 
the bulk volume and using Eq. 10 we can write, 


= = = OV, OV, 
oa 
do do s 
kes 
Using Eq. 9 we obtain, 
+ 0,6, + — V.(oi, 6;) =— + Vo, 0 
(12) 


which equation relates the variation in rock volume to 


a and o. Note that it is not necessary to take o and o 
equal in the cited derivation. 


EXPRESSIONS FOR THE BULK, PORE 
AND ROCK VOLUME 


Though we are considering large increments of the 
stresses applied, the appurtenant variations in bulk 
volume are still very small. As we will show in the 
section dealing with experiments the decrease in bulk 
volume when applying an outside hydrostatic stress 
of — 1,000 atm is only of the order of 1 per cent. 
We therefore may replace V,(o;, o,) in the right hand 
side of Eq. 7 with good approximation by the bulk 
volume under atmospheric conditions, denoted by V,,. 

In general the three-dimensional representation of 
the volume of a nonlinear porous system is a curved 
surface. On this curved surface straight lines occur 
according to the modified Eq. 7, which all have the 
same slope proportional to the rock compressibility. 
Consequently the surface in question is a ruled surface 
of a special type, viz., a cylindrical one. 

A simple expression for this surface can be formu- 
lated as follows. 

Consider the quantity, 

Vi, 


which represents the fractional decrease in bulk volume 
as a function of outside stress, while keeping the pore 
pressure at one atmosphere. This is indicated by the 
subscript, o. 

The general equations for the straight line (Eq. 7) 
passing through a point of the curve of Eq. 3 can be 
expressed with the aid of a parameter, A, as follows, 


bo 


= + 
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|| 
= = se 


V 
In the last equation _°’ may be replaced by one. 
by 


Eliminating \, and from Eqs. 13 and 14, 
by 
the formula for the cylindrical surface becomes, 
V, 


which formula relates the fractional change in bulk 
volume to the total changes in inside (o) and effective 


frame stress — (o — oc). 


From Eq. 15 it is seen that once an intersection of 


the cylindrical surface for constant pore pressure is 
measured the total surface can be constructed if the 
rock compressibility is known. 
Writing Eq. 12 in the same way as Eq. 15, we obtain 
—— = 
1 — 
Here ¢ is the porosity and the subscript one refers to 
atmospheric conditions. 


The fractional total change in pore volume is now 
found as the difference between the change in bulk 
and rock volume, viz., 

| = ( = 
t 


This relative total change in pore volume can also be 
written in the form of Eq. 15, 


in which ¥( — a) now represents the fractional change 
in pore volume as a function of the external stress, 
when the pore pressure is kept atmospheric. The bulk 
volume is then calculated by adding pore and rock 
volume. 


From Eqs. 15 through 18 it can be concluded that 
the data to be measured can be restricted to c, and 


either V, or V, as a function of o only, keeping the 
pore pressure constant at atmospheric pressure. 

In Fig. 1 a graphical representation is given, show- 
ing total change in bulk, pore and rock volume, each 
as a fraction of bulk volume under atmospheric con- 
ditions, as a fraction of total change in pore pressure 
(—o) and outside hydrostatic pressure (—o). The 
cylindrical surfaces for bulk and pore volumes are illus- 
trated by drawing their generating lines. 

On each of the surfaces curved lines occur, each 
line on one surface having a twin on the other; these 
pairs of lines can be made to coincide after a proper 
rotation and translation. For example, Curves 1 and 2 
in the figure are such a set. 

The surface for the rock volume more specifically 
reduces to a flat plane, indicating its independence of 
pore structure. For example, a sphere stacking and a 
solid with spherical holes display equal relationships of 
the rock volume to external and internal pressure, 
provided porosity and solid composition are the same. 


FORMULAS FOR COMPRESSIBILITIES 


To remain in line with the definition® for the bulk 
compressibility this quantity is defined as follows. 


*g and o are taken positive for tension. 
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1. The bulk compressibility (c,) is the fractional 
change in bulk volume per unit of change in effective 
hydrostatic tension on the frame (o — a), the pore 
fluid tension (o) remaining constant. Expressed in 
formula, 


(19) 


2. We will define the pore compressibiity (c,) in 
a somewhat different way than used in Ref. 3. It is 
the fractional change in pore volume per unit of change 
in effective hydrostatic tension (o — a), the pore fluid 
tension (o) remaining constant. 

In mathematical terms, 


1 OV, il il 0d 
Vin — pi — a) 
(20a) 
or 


Vn do 
Depending on whether &(—o) or ¥( — is meas- 
ured, Eqs. 20a or 20b may be used. 
From these formulas it is seen that the bulk and 
pore compressibility are dependent on the effective 
hydrostatic tension on the frame (a — a) only. 


EXPERIMENTAL CHECK OF THE THEORY 


The basic formulas (Eqs. 7 and 10), and the assump- 
tion that rock volume variations are first-order effects, 
have been checked on a number of sandstones and 
limestones. One representative example will be de- 
scribed. 

A Belait sandstone core was covered with a thin 
copper jacket to allow of an independent variation of 
external and pore pressure. The apparatus described 
in Ref. 3 was used. Bulk volume changes were meas- 
ured when both o and o were varied simultaneously 
to the same extent under two initial conditions. 
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1. = o, = atmospheric pressure (¢ = 
0 MN/m’). (1 MN/m’ = 145.04 psi; 1 m’/MN = 
psi... 

2.0; = — 48:7 MN/m’ and o, = atmospheric pres- 
sure, consequently (o — a) was kept constant at 48.6 
MN/m’. 

Results are given in Fig. 2 (circled points). For the 
fractional bulk volume change two straight lines are 
obtained which are almost parallel. From Experiment 
1 a value for c, of 2.97 * 10° m’/MN was found, 
whereas Experiment 2 gave 3.44 * 10° m’/MN. This 
difference is within the experimental error. 

Fig. 2 also shows, as triangles, the results of meas- 


urement of change in bulk volume when o is varied 
keeping o at atmospheric pressure. This amounts to 


the determination of the function #(— o,) from Eq. 
13. Since c, is known, the whole cylindrical surface 
giving (V,, — V,)/V, as a function of o and o can now 
be constructed. Consequently also the effect of a varia- 
tion of o, keeping o constant, can be deduced. This has 
been carried out in Fig. 2 for ¢ = — 98.1 MN/m’, 
the result being given as a dashed curve. As a further 
check this experiment has been actually carried out; the 
results are represented by crosses in Fig. 2. There is 
excellent agreement. It may therefore be concluded that 


the surface giving V, as a function of o and a is 
actually a ruled one of the type discussed and _ that 
data to be measured can be restricted to determina- 
tion of c, and ¢ only. 


To check validity of Eqs. 10 and 12 in the following 
experiment the pores of the same sandstone were filled 
FRACTIONAL BULK VOLUME CHANGE WHEN S/MULTANEOUSLY 
VARYING O- AND O- TO THE SAME EXTENT 

DITTO, WHEN VARYING On KEEPING AT ATMOSPHERIC 
PRESSURE 

DITTO, WHEN VARYING 0, KEEPING G= / MN /m® 
—— DASHED CURVE, CONSTRUCTED FROM K ACCORDING TO 
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60 &0 
PORE PRESSURE MN/ me 
Fic. 2—MeasureMENTS ON SANDSTONE: 
Porosity, 15.0 per cent; Depru, 5,339/5,341 rv. 


182 


FRACTIONAL BULK VOLUME CHANGE AS A FUNCTION OF 
KEEPING CONSTANT AT ATMOSPHERIC PRESSURE 
PORE VOLUME CHANGE DITTO (PORES FILLED WITH 
89 % WATER 1//% 
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IS 


& 


14x10 


/3 "1 


4. _4 
b, 
= 
2 
/ — 
/ 20 60 80_ /00 
OUTSIDE PRESSURE MN/mé 


Fic. 3—MEASUREMENTS ON BELAIT SANDSTONE: 
Porosity, 15.0 CENT; DeptH, 5,339/5,341 Fr. 


with water kept at a constant (atmospheric) pressure. 
Outside pressure was varied from atmospheric to 98.1 
MN/m’. The pore volume change caused by the out- 
side pressure (— a) is given as squares in Fig. 3. 

Along this curve, drawn through the measured points, 
(o —) varies from 0 to 98.1 MN/m*. This is also 
the case for the dashed curve indicated by crosses in 
Fig. 2. Consequently, since according to Eq. 10 the 
absolute value of the slope of the tangents must be 
equal in every point of both curves for the same value 
of (« —o), after mirror-imaging and shifting, both 
curves must coincide. That this is actually the case is 
easily demonstrated by the reader by drawing the 
[_]-curve from Fig. 3 on transparent paper. 


In the same experiment the bulk volume was meas- 
ured simultaneously and plotted as crosses in Fig. 3. 
The differences between bulk and pore volume decrease 
were calculated and are plotted as triangles in Fig. 3. 
It is seen that the triangles are situated on a straight 
line. According to Eq. 12 the slope of this straight 
line should equal the rock compressibility. From Fig. 
3 we read for this slope 3.02 < 10° m’*/MN which 
is in excellent agreement with the values found for c, 
in the foregoing experiment. 

From the experiments just described it appears that 
also in consolidated material the internal fluid pres- 
sure is fully effective against the external pressure 
and that it is not necessary to introduce a factor to 
account for the surfaces at which particles may be 
bonded together, as was done by Brandt’.* 


“All experiments described were performed in such a wavy that 
volume changes were measured at increasing frame pressure. Natural 
porous rock seldom or never behaves purely elastically in the sense 
that volume changes on compressing and decompressing would have 
precisely the same magnitude and would be reached almost inde- 
pendent of time. Its behavior is more of an anelastic nature i.e. it 
reaches its final volume after some delay but practically no per- 
manent deformation remains after complete unloading. Limestones, 
if compressed at high pressures, sometimes show a permanent set. 
A hysteresis effect in which the deformation at a certain stress 
depends on the stress history and is independent of time, can be 
distinguished from the other two types of non-elastie behavior and 
is also observed in the formation of sedimentary rocks. 
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THE EFFECT OF A FOREIGN SOLID PRESENT 
IN THE PORES 


Pores can be party filled with foreign materials, e.g., 
clay. If this material is loose it experiences no frame 
pressure. It is easily derived that the fractional change 
in pore volume in the presence of such a material is 
given by 


V 


Py 


where ¢, is the volume of the loose material relative 
to the bulk volume and c, is the rock compressibility 
of this foreign material. For c, = c, Eq. 21 is identical 
with Eq. 17. In fact c, will differ very little from c,, and 
consequently the last term in Eq. 21 can always be neg- 
lected, if ¢. is of the order of ¢,. 


PHYSICAL INTERACTION BETWEEN PORE 
CONTENT AND POROUS SKELETON 


Fluids in the pores can influence elastic properties of 
the porous skeleton. This phenomenon has already 
been observed by Born and Owen* in their experi- 
ments. They showed that the elastic modulus of 
Amhurst sandstone greatly depended on saturation of 
water. The effect was ascribed to a softening of the 
bonding material between the rock grains. Their ob- 
servations were also confirmed by Hughes and Kelly’ 
on other sandstones. 

The influence of adsorbed gases and vapours on 
porous systems has been widey observed, see for in- 
stance Yates’, Amberg and McIntosh” and Benedicks”. 
It is most likely that owing to adsorption the surface 
tension of the solid material changes. It is clear that 
the influence of adsorption will be the higher the larger 
the surface-to-volume ratio. Since the bonding material 
in natural porous rock has a high specific surface, it 
should be strongly affected by the nature of the fluid 
in contact. Our experiments on sandstone and lime- 
stone showed that this “wetting” effect decreases with 
increasing frame pressure. From samples investigated, 
bulk or pore compressibilities turned out to be some- 
times as much as twice as high when saturated with 
water than when dry. Since in practice pores are 
mostly filled with connate water, it is advisable to 
measure compressibilities on water-saturated cores only. 

It seems feasible to obtain more information on 
the wetting conditions of porous media by measuring 
the effect of the presence of fluids on its elastic 
constants. 


BOUNDARY AND INITIAL CONDITIONS IN 
CONNECTION WITH APPLICATIONS 
For applications one is interested in the change in 
pore volume caused by a change in pore fluid pres- 


sure, i.e., one wishes to know the quantity, — V 
Py 


dV , 
d 


do 


The result consequently depends not only on the pore 


. It follows from Eq. 17 or 18 that 
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compressibility, c,, as defined in Eqs. 20a and 20b, 
but also on do/do which in its turn depends on the 
boundary conditions; consequently these have to be 
specified. Values of da/do for several boundary con- 
ditions are given by Geertsma in Ref. 3. 

As is clear from the foregoing, c, depends on the 
initial value of the effective frame pressure (o — @). 
Generally the fluid pressure (a) is well known from 


reservoir measurements. As to the value of o, however, 
we are far less informed. In simple cases (« — o) is 
given by half the value of the effective vertical over- 
burden pressure, (o — ¢) = % (o — o.). (See Ap- 
pendix.) In most cases c, can be neglected in Eq. 22. 


PORE COMPRESSIBILITIES OF SANDSTONES 
AND LIMESTONES 


The effect of reservoir pressure decline on pore 
volume can easily be calculated by means of Eqs. 17 or 
18 when the function ¢ or W have been measured on 
representative cores. 

It appears that on log-log scale 6(— o) or V(— a) 
are in most cases straight lines and these functions can 
be expressed in the form, 

or 

In this respect these porous systems show a behavior 
similar to that of sphere packings for which Hara‘ 
already showed, using Hertz’s theory that n(m) has a 
value of two-thirds. For an excellent review on this 
point the reader is referred to Deresiewicz’s article”. 
For small increments in the frame pressure, pore com- 
pressibilities (c,) of sandstones in porosity range of 
15 to 30 per cent are calculated and given in Fig. 4. 
The data are partly taken from the measurements of 
Carpenter and Spencer” and partly from our own meas- 
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urements. From the model theory one should expect a 
dependence on the pressure to the power minus one- 
third. 
There are at least two reasons why there is a devia- 
tion from this model theory. In the first place consoli- 
dated sandstones have a finite compressibility at zero 
loading, easily shown by measuring acoustic wave 
velocity on unloaded sandstone bars. A loose packing 
of spheres should have an infinite compressibility at 
zero loading. Further, at higher frame pressures Hertz’s 
theory is no longer applicable, because of the large 
deformation of the contact points. This is seen to be 
the case in Fig. 4 at frame pressures higher than 
30 MN/m’. Above this pressure, pore compressibilities 
tend to remain constant. For the sake of comparison 
the compressibility of water and crude oil are indicated, 
from which it is seen that the pore compressibility lies 
in the range between these two. Most data of Fig. 4 
can be found between the two dashed lines. There is 
a slight indication that the lower the porosity, the 
higher the compressibility. This is the more pronounced 
in the measurements carried out on 23 limestone cores 
from one well. These results, reproduced in Fig. 5, 
showing the pore volume change as a function of ef- 
fective frame pressure on log-log scale. From the 
straight lines a general formula could be derived. This 
formula was used to calculate the pore compressibility 
with the porosity as a parameter. This is illustrated in 
Fig. 6. It should be noticed that for the higher porosi- 
ties (15 to 20 per cent) the compressibility lines come 
close together, as is also the case for sandstones. It 
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should be stressed that the correlation just described 
does not necessarily hold for all limestones. 


POROSITY UNDER RESERVOIR CONDITIONS 


Porosity under reservoir cenditions may differ from 
the laboratory measured value, as was already shown 
by Fatt”. From our measurements an order of magni- 
tude can be given for sandstones and limestones. The 
porosity is defined as the ratio of pore to bulk volume. 
Expressed in formula, 


(subscript 1 refers to atmospheric conditions) 

In a first approximation, V,/V, can be considered 


unity and the porosity under reservoir conditions can 


P 
be read from the figures giving —— 


(24) 


as a function 


Py 

of frame pressure. For sandstones in the porosity range 
of 15 to 20 per cent and a frame pressure of 10 
MN/m° the porosity is smaller by about 1 to 2 per 
cent of its value under atmospheric conditions. On the 
other hand, in low and very low porosity limestones, 
reservoir porosity can differ much more, as is clear 
from Fig. 5. 


SUBSIDENCE CAUSED BY ELASTIC DEFORMA- 
TION OF THE RESERVOIR ROCK 


For a_ horizontal oil-bearing layer we introduce 
the boundary conditions discussed in Eq. 3; viz., no 
horizontal displacement and a constant vertical over- 
burden pressure. The change in thickness (h) due to 
reservoir pressure decline is then given by 
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Taking reasonable values for (5) Gil 


10“°m*/MN] and c, [0.30 X we find 
dh 


For a layer thickness of 100 m and a fluid pressure 
drop of 10 MN/m*, the subsidence, dh, amounts to 
7 cm only. 


ACOUSTIC WAVE PROPAGATION 


The velocity of compression (dilatational, longitu- 
dinal) waves in isotropic solids for an infinite medium 
reads, 


= 


p{l + v] (27) 


Where 1/K is the compressibility, v is Poisson’s ratio 
and p the density. When dealing with an isotropic 
porous material the question arises which value should 
be substituted for K. Gassmann’* discusses two sys- 
tems, an open and a closed one. In the open system 
the pore pressure does not change as is the case with 
air in the pores. The compressibility (1/K) for this 
system is equal to our c,. In the closed system the 
compressibility of the pore fluid plays an important 
role. Gassmann’s expression for the compressibility 
now reads, in our symbols, 

wher c, 1s the compressibility of the pore fluid. It is 
seen that c is always smaller than c,. If c, is pressure- 
independent, Eq. 28 shows that c depends on the effec- 
tive frame pressure only. 

In Fig. 7 results of velocity measurements by Hicks 
and Berry’ are reproduced which illustrate the con- 
stancy of velocity when the frame pressure is not 
varied. 


ONE-PHASE FLUID FLOW 


The well-known equation for single-phase fluid flow 
through a porous medium reads, 
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k do 
ot 

where p is the fluid pressure, k the permeability and uu 
the viscosity of the fluid. 

If the interaction of fluid and porous skeleton is 
taken into account an additional term has to be added. 
This has been done by Barenblatt and Krylov” but 
in a more elegant way, and some years earlier, by 
Biot’. In our symbols his equation is 


-(1 

(30) 
in which the volume dilation. « and p 
are related by the boundary conditions of the rock for- 
mation. Neglecting the effect of the pressure drop to 
the well on these boundary conditions, assuming fur- 
thermore the overburden pressure to be constant and 
horizontal rock displacements to be absent Eq. 30 
becomes, 


Knows CG @.\\" se 


Ge ap 
Cy =) ot 


If we neglect c, with respect to c, and substitute 
= 1/5, Eq. 31 can be written, 


2) ot 

As already remarked, c,/2 cannot be neglected with 
respect to c, and accordingly has to be taken into 
account. As to the magnitude of c,, Figs. 4 and 6 
give full information. 


K = compression modulus, mL“A~* 
c = compressibility, m~ L A’ 
p = pore fluid pressure, mL“A~ 
t = time, A 
Ww = function signs 
7 = stress variation, mL~* A~ 
e = strain 
= parameter 
= viscosity, A” 
v = Poisson’s ratio 
oi, 7:; = stress tensor component, A 


‘¢ = component of hydrostatic 

stress system, mL“ A~ 
o = pore fluid tension (— p), mL” A~ 
Y = Laplace operator 


SUBSCRIPTS 
b = bulk or total 
c = clay 
i = initial 
1 = liquid 
o = pore pressure is | atm 
1 = inside and outside pressure is | atm 
p = pore 
s = rock 


IN (CAR INFO WY JE INE 
Thanks are due to J. Geertsma and C. van der Poel 
for stimulating discussions and to D. Teeuw for car- 
out the measurements, 


or poner symbol definitions see AIMEE Symbols List in Trans. 
AIME (1956) 207, 3638. 
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APPENDIX 


CALCULATION OF EFFECTIVE FRAME 
PRESSURE IN A FILLED-UP GEOSYNCLINE 


The difficulty in applying compressibility data is the 
problem value which should be taken for the effective 
frame pressure. We will use the stress-strain relations 
for a fluid-filled porous medium such as given by Biot’, 


TABLE 1—CORRESPONDING VALUES 
Relative values of 


1 
Vp, 22) 


do do 
do (per cent) 
1 1 
Oz + o (oz — 9) 109 
1 1 
10 27 27 27 27 
= (a, + — (cyclic) , 
3H 


where o, and a are positive for tension. According to 
Seldenrath” for undisturbed rock we may assume hori- 
zontal displacements to be absent (2, = «,), and over- 
burden loading to be constant (a, = constant). 
Consequently, 


v E 
and 
Ga Ge 2v 2E 
1 = 
if 1 1 OV, 


=c,’, and, in addition, assume 
Poisson’s ratio, v, to be independent of pressure, it 
follows that 
2 
Poisson’s ratio is an unknown quantity. It appears, 
however, that the value of v has only a slight influ- 
ence on the results. This follows from the results given 
in Table 1. 
Three values are chosen for v, and the corresponding 


are calculated. 


values of o, (o — o) and nd 
do 


The quantity 22 is computed with the 


help of the emetic for the pore compressibility of 
sandstones given in Fig. 4. It is seen that the values 


for v = — and To differ by less than 10 per cent from 


that for v = = The reason is that a change in (co 


— go) is partly compensated by an accompanying 


lo 
change in (: = el 


doa 


DISCUSSION 


G. H. F. GARDNER 
MEMBER AIME 


The author’s interesting experimental results may, to 
some minds, appear marred by a basic inconsistency 
in the stress-volume relations which he postulates. If 
we add together the two equations obtained by differ- 
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entiatng Eq. 9a firstly with respect to o and secondly 
with respect to o and then using Eq. 9b we obtain 
oV, 
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This is clearly inconsistent with Eq 9a. 
The difficulty could be avoided by supposing that 


c, is a function of o and o. However, because it is 
physically evident that c, does not change much in the 
pressure range of importance it seems preferable to 
maintain the assumption that c, is constant and alter 
instead the assumptions implicit in Eq. 7. 

We suggest, for example, that instead of Eq. 7 it is 
reasonable to assume 


(b) 
For infinitestimal stress variations, 7, this reduces to 
Eq. 7; for finite stress variations it is self-consistent. 

Eq. b may be regarded as a difference equation for 
V, and the solution may be written, 


= (o,c) 


The discussion of Gardner may contribute to a better 
understanding of the tenor of the paper. As far as I 
can see there is no controversy between his version and 
mine, the mconsistency as he terms it, is a consequence 
of the use of first-order approximations in Eqs. 6 and 
7. This approximation is certainly justified in Eq. 6 ac- 
cording to the linear elasticity theory and has been 
postulated in Eq. 7 in analogy with Eq. 6. The conse- 
quence of this is that the sum of the second and also 
of the higher order terms in Eq. 8 should vanish. This 
indeed is not fully exact inasmuch as Eqs. 6 and 7 are 
approximations, i.e., the coefficients of z°, =’, etc., in 
these equations are neglected with respect to the coef- 
ficient of =. This is what Gardner bears out by differ- 
entiating Eq. 9a twice, which results in Eq. 9b not be- 
ing equal to zero but to c, V,. 

In order to arrive at Gardner’s results (Eq. c) it is 
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to 


where c, is a constant and F (o — a) is an arbitrary 
function of o — o. 

A similar expression may be obtained for the pore 
volume by the additional assumption that Eq. 10 is 
valid. 

Hence, the variation in bulk volume, pore volume 
and rock volume may be expressed in terms of a con- 
stant parameter, c,, and a variable parameter, F 
(o — a). The experimental results adduced by the au- 
thor appear to support this conclusion. Geertsma 
showed that for infinitesimal stress variations two con- 
stant parameters are required. 


moreover not essential to introduce Eq. 9b, since inte- 
grating of the partial differential Eq. 9a results in 
Eqa9b; 


Cs - 


V,(0,0) = Flo — ode = 

G — o)e’s,” 
which comes down to Eq. 15 of the paper by taking 
the linear term of the e function only and replacing 
G/V,, equations of the linear elasticity theory as far 
as possible without integrating Eq. 9a. This has the ad- 
vantage that it leads to the solution (Eq. 15) via the 
geometrical representation of the volume variations with 
the help of a ruled surface. In this way I hoped to 
elucidate the complex behavior for a wider circle of 
readers. 
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The Instability of Slow, Immiscible, Viscous Liquid-Liquid 
Displacements in Permeable Media 


R. L. CHUOKE 


P. van MEURS 
JUNIOR MEMBER AIME 
C. van der POEL 
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When an initially planar interface between two im- 
miscible liquids is displaced at constant rate, U, nor- 
mal to the front, instability will occur for all rates 
greater than a critical rate, U,, given by 


(2-2) U. + — pi)g cos (zz’) = 0, 


provided the Fourier decomposition of the spatial per- 
turbation or deformation of the moving displacement 
front contains modes with wavelengths, X, greater than 
a critical wavelength, X., given by 


In these expressions, p, . and k, with the subscripts 
I and 2 distinguishing the two liquids under considera- 
tion, are density, viscosity and effective permeability 
coefficients respectively; g is the absolute value of the 
acceleration due to gravity; and cos (zz’) is the direc- 
tion cosine between the vertical cartesian coordinate z’ 
(positive upward) and the z coordinate normal to the 
initially plane macroscopic interface taken positive in 
the direction from Liquid I to Liquid 2. U is the av- 
erage volumetric velocity (injected volume of liquid per 
unit time per unit of total area normal to z) and is 
positive for Liquid I displacing Liquid 2, negative for 
the reverse displacement; and o* is an effective inter- 
facial tension (for displacements between parallel plates, 
a* =o, the ordinary bulk interfacial tension). 

Further, there is a wavelength of maximum instabil- 
ity given by 

ONG: 

For natural perturbations, this wavelength will pre- 
dominate and characterize the form of the instability 
as a quasi-sinusoidal deformation, i.e., viscous fingers 
of peak-to-peak separation, X,. 

Comparison of experiment with theory reveals that 
these considerations are reasonably valid for displace- 
ments in both parallel plate channels and unconsoli- 
dated glass powder packs. 

These results are of particular interest for interpre- 
tation of data from laboratory experiments with regard 
to field applications. It is quite possible for ., although 
small relative to the largest lateral dimension of the res- 
ervoir, to exceed the greatest lateral extent of the lab- 
oratory sample or model. If it does, frontal displace- 
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ment occurs in the laboratory experiments, and oil re- 
covery attained is higher than that from the field. 


IN TRODUCT 


The puposes of this paper are to present theoretical 
and experimental evidence for occurrence of macro- 
scopic instabilities in displacement of one viscous fluid 
by another immiscible with it through a uniform por- 
ous medium and to compare available experimental 
data with some predictions of a theory of instability 
developed by the first author. 

The instabilities are referred to as macroscopic in 
the sense that spatially quasi-sinusoidal, growing fin- 
gers of the displacing liquid are formed, the width 
and peak-to-peak separation ‘wavelength) of which is 
large relative to a characteristic length of the particular 
permeable medium such as grain size. 

Visual models of two kinds have been used to ob- 
tain observations: displacement of oil by water-glycer- 
ine solutions through the flow channel formed by 
closely spaced parallel plates and displacement of oil 
by water with and without initial interstitial water 
through unconsolidated glass powder packs, employing 
the technique of matching indices of refraction. 

In all cases we have observed macroscopic instabili- 
ties or fingers under conditions predicted by the theory 
to be favorable for their occurrence. 

The phenomenon discussed here is not the production 
of streamers due to gross inhomogeneities such as per- 
meability stratification of the porous medium. 

It is our object to show, on the contrary, that a 
quantitative prediction of finger spacing is possible in a 
porous medium known to be macroscopically homo- 
geneous and isotropic throughout. 

The importance of the phenomenon in its influence 
on the configuration of oil and water with respect to 
oil production behavior was noted earlier by Engel- 
berts and Klinkenberg* who coined the term “viscous 
fingering”. 


LHE ORY 


NECESSARY AND SUFFICIENT CONDITIONS FOR 
INSTABILITY AND INITIAL KINEMATICS 


There are several levels of increasing complexity in 
the theoretical description of instability of fluid dis- 
placements in permeable media. Of these, the simplest 
description, adapted to low permeability systems, is 
selected for presentation.” More inclusive descriptions 
are reserved for separate publication. 


"References given at end of paper. 
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First, consider the configuration of two liquids, la- 
belled 1 and 2, each of infinite extent, with a plane, 
macroscopic interface moving slowly through a uni- 
form permeable medium with speed, W, normal to 
the interface. This idealization is taken as a first work- 
ing model for fluid displacements in both kinds of per- 
meable media under consideration, although differences 
arise in interpretation. 

An unperturbed immiscible displacement is charac- 
terized by a transition zone of steep saturation gradi- 
ents of the displacing and displaced fluids. In the model, 
the transition zone is replaced by a sharp, plane, macro- 
scopic interface to which are assigned pressure discon- 
tinuities preserving capillary properties of the transi- 
tion zone and up to which are extrapolated the rel- 
atively uniform saturation and flow conditions prevail- 
ing outside the zone. The precise location of the macro- 
scopic interface is not involved essentially in the follow- 
ing but may be determined by conservation of mass con- 
siderations. The model is directly amenable to the ap- 
plication of the most elementary form of first-order 
perturbation theory® and finds partial justification with- 
in this framework through the assumption, implied in 
all of the following work, that only fundamental per- 
turbation modes with wavelengths large relative to the 
width of the transition zone at the time of application 
of perturbation will be considered. 

The assumption of uniform velocity implies, for con- 
stant rate displacements, equal initial and residual im- 
mobile saturations in the domains of the displaced and 
displacing fluids, respectively; however, this is not a 
fundamental restriction and it will be relaxed to allow 
non-equivalent saturations, provided these remain im- 
mobile. 

Fluid displacement between closely spaced parallel 
plates is two-dimensional and involves only one micro- 
scopic fluid-fluid interface whereas displacements in a 
granular medium are three-dimensional, and the macro- 
scopic interface represents many moving microscopic 
fluid-fluid interfaces. The formal mechanics of theory 
are the same and the results for parallel plate systems 
can be considered a specialization of those for granu- 
lar systems; consequently, the following considerations 
apply to the latter systems. 

A cartesian coordinate system is chosen with posi- 
tive z axis directed from Fluid 1 to Fluid 2 perpen- 
dicular to the macroscopic interface and forming an 
angle (zz’) with the z’ axis of a fixed system of co- 
ordinates with positive z’ directed vertically upwards. 
If Fluid 1 is displacing Fluid 2, W is a positive quan- 
tity. The z component of gravitational acceleration is 
— g cos(zz’); thus, if the fluids are interchanged con- 
figurationally, the gravitational acceleration component 
as defined changes sign. 

Macroscopic hydrodynamic equations of motion and 
continuity, a set for each fluid, are written as 


y = — grad (par wet pg 
k 
and 


where vy = (u,v,w) is a perturbation velocity. These 
equations are a description of fluid motion in a coordi- 
nate system moving with speed W in which the unper- 
turbed interface is at rest. The origin of the x, y, z 
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System is presumed fixed in the plane of the unper- 
turbed interface. 


In writing Eq. | it is assumed that x and y com- 
ponents of gravitational force per wait volume of fluid 
are either negligible, as in the case of flow through 
closely spaced plates, or have been cancelled by resper- 
tive pressure gradient components due to imposed 
tangential velocities. (In first-order theory, imposed 
tangential velocities have no effect on the form of 
results pertinent to instability. A second-order theory, 
however, predicts a form of Helmholtz instability.) 

Eqs. | and 2 possess the integral, 


LL 


Where P(t) is an arbitrary function of time. 
If we decompose an arbitrary deformation of the 
macroscopic interface into fundamental Fourier per- 
turbation modes and study each separately, the func- 
tional form of the deformation can be taken to be 


where ia, + ja, =a is the propagation vector in the 
x, y plane of magnitude 
a= (a + a’) = . 
The kinematical conditions to be satisfied at the in- 
terface z = € are 
OY, 
ot Oz oz 
with neglect of small quantities of the second order.+ 
The appropriate solutions of Eq. 3 are 


for Fluid 1, and 


for Fluid 2, for these make the z component of the 
perturbation velocity vanish at z = = o, respectively 
(constant rate displacement), and satisfy the kine- 
matical conditions (Eq 6) under the assumption that 
a€ is a small quantity (first-order theory). 

At each point of the macroscopic interface there is 
conceived to be a pressure discontinuity consisting of 
two types of terms, i.e., 

where P,(t) is independent of curvature of the macro- 
scopic interface but may be a function of time and is 
related to the capillary pressure drops across the micro- 
scopic fluid-fluid interfaces underlying the macroscopic 
interface; whereas o* is an effective interfacial tension 
and c,, c, are the signed principal curvatures of the 
macroscopic interface, to be taken as negative when 
the respective center of curvature falls in the domain 
of Fluid 2. 

The assumption that af is small allows the approxi- 
mations, 


+Let F'(«,y,z,t) = 0 be the equation of the interface. At every 
point of this surface, 
DF ar oF or ar 
Dt at 


Since F = z— 


OU 


+2 
and Eq. 6 follows from the definitions of the velocity potentials, 
x1 and x2, and neglect of the terms 


nas 
os © 
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ac 


oy’ 
Combining Eq. 4 with Eq. 9 results in 


Ky Ky Ky Ky 


pig cos(e’)| + ae ar 
Ox oy 


Pai) = 
According to Eqs. 5, 7 and 8, and for small a, Eq. 
10 leads to 
and to the characteristic equation, 


(2+*) \(2-*) W + — pi) g cos(zz’)| 
Ky Ks Ky Ky 


which determines n as a function of a and yields di- 
rectly the kinematics of early growth. 

Clearly, for a > 0, the necessary and sufficient con- 
dition for instability, i.e., for m to be positive, is given 
by 


II 


Ky Ki 

(13) 

Alternatively, introducing the effective permeabilities, 

k, and k., and volumetric velocity, U, one may say that 

instability will occur for all velocities U > U. where 
U, is a critical volumetric velocity defined byt 


U. + (p2 — pi)g cos(zz’) = 0, 


(14) 
provided the perturbation contains wavelengths++ 


A = 27/a greater than a critical wavelength, A,, de- 
fined by 


(15) 


The inequality, U > U., is a necessary condition for 
instability, whereas U > U, and »X >A, combined 
form the necessary and sufficient condition for insta- 
bility equivalent to Eq. 13. 

For U > U., the index of instability, n, as a func- 
tion of a possesses an absolute maximum. The root, 


on 
a=a, Of the equation, ae 0, determines the wave- 
a 


lengthf¢ of maximum instability which is given in 
terms of the critical wavelength, A,, by 

For two-dimensional systems or for a, = a,, there 

is a unique perturbation mode of greatest instability 

index which will grow exponentially in time during the 

early stages at the fastest rate relative to other funda- 


jApparently, various forms of the inequality, U > Uc, have now 
been derived independently by several authors. To our knowledge, 
the inequality specialized to vertical flow was first derived in con- 
nection with instability problems of the type considered here by 
Hill*. See also Dietz®, and van der Poel and Killian®. 

tin using the term wavelength in this context it must be re- 
membered that since a = (a? + ay?)%, \ and de do not directly 
give spacings of maxima or minima in the x,y plane except for 
Ge Or dy equal to zero, i.e., for two-dimensional perturbations. For 
three-dimensional perturbations, if a» = Say, i.e., Ay = = 

ay Qa 

then \ and Xc in the statement pertaining to Eq. 15 may be taken as 
true wavelengths referring to spacings along the x or y axis pro- 
vided the right-hand side of Eq. 15 is multiplied by j 
[(1 + S?)/S?]% or (1 + S2) %, respectively, 
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mental perturbation modes present. Consequently, for 
natural or random perturbations, this mode will tend 
to predominate and reveal the instability of the system 
as a quasi-Sinusoidal deformation of fluid configurations 
with peak-to-peak separation determined by An. 
For different immobile saturations of fluids in the 
two domains, which is equivalent to different initial 
velocities (W, and W.) for constant injection rate, the 
representation of perturbative velocities as in Eq. | 
effectively represents the perturbative velocities in a 
coordinate system in which there is no initial motion 
of the fluids. Consequently, by the conditions of Eq. 6, 
which achieve continuity of the normal components 
of perturbative velocities and their equality with the 
interfacial velocity of the applied perturbation mode, 
the necessary and sufficient condition for instability is 


w.) + (p: — pig cos(zz’) — o*a > 0, 


Ko Ki 

which again yields the conditions for instability, U > 

U, and X > X, (see Eqs. 14 and 15) when the effective 

permeabilities, k, and k., and the constant injection rate, 
U, are used. 


PRESSURE DISCONTINUITIES AT MACROSCOPIC 
INTERFACE; EFFECTIVE INTERFACIAL TENSION 


That part of the pressure discontinuity labelled P. 
in Eq. 9 is the pressure drop across the macroscopic 
interface of the model that preserves the rate of work- 
ing by or against capillary forces in the unperturbed 
state; hence it may be a positive or negative magnitude. 

In the process of deforming the macroscopic inter- 
face in such a way that c, + c.=4£0, an additional rate 
of working against interfacial forces is required that is 
dependent upon the net rate of creation of microscopic 
fluid-fluid interfaces. 

Let A* represent the total area of the microscopic, 
moving fluid-fluid interfaces, and A the total area 
of the macroscopic interface. To the first order in the 
perturbative velocity, the total additional rate of work- 
ing at each point of the macroscopic interface is given 
by 

8(dA*) 


(18) 


where o is the ordinary bulk fluid interfacial tension 
and dA* the element of total interfacial area associated 
with dA 


By definition, 


(19) 
where o* is the effective interfacial tension. 
Consequently, 


which implies, owing to the fact that A* can be much 
greater than A, that o* may be considerably larger 
than o. 
In view of the fact that 
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he = 2 | 


Eq. 19 becomes 

which is Eq. 9 used in the preceding derivation. 

For a parallel-plate system, this condition reduces 

to 

(Pi Ps) eer OG) ot. Gs) 23) 
since the perturbation curvature, c,, occurs only in the 
plane of flow determined by the plates and the original 
capillary pressure, P, = oc, due to the initial curva- 
ture of the single microscopic interface involved re- 
mains unperturbed. Consequently, the necessary and 
sufficient condition Eq. 13 or Eqs. 14 and 15 together 
are directly applicable to displacements in parallel- 
plate channels upon replacing o* by the bulk fluid in- 
terfacial tension o. 


EXPERIMENTS WITH THE PARALLEL-PLATE MODEL 


Two glass plates were spaced 1-mm apart to provide 
a uniform flow channel for displacing oil with water- 
glycerine solutions. The model was the same as that 
used in the study of production of attic oil described 
earlier’. 

To obtain good reproducibility, the inner walls were 
made preferentially oil-wet with the help of silicones, 
and the oil was introduced first, i.e., the displacing fluid 
Was non-wetting. In the experiments yet to be discussed 
the flow channel was tilted about 45° from the hori- 
zontal, and the water-glycerine mixture, rendered vis- 
ible by addition of methylene blue dye, was injected 
at the lower end. After injection of a small amount of 
the glycerine mixture, injection was stopped and the 
fluids allower to equilibrate under the action of grav- 
ity. At Jow rates of injection the moving interface re- 
mained essentially stable and no fingers were formed. 
As reported before” it was found that fingering ac- 
tually does not occur at rates below the critical rate 
given by Eq. 14. 

We shall discuss here a set of three displacement ex- 
periments perforred at rates above this critical rate. In 
these experiments density and viscosity of the oil and 
glycerine-water mixtures were constant with p, = 0.877 


gm/cm® and pw. = 1.39 poise for oil and p, = 1.21 gm/ 
cm* and yp, = 0.552 poise for glycerine-water. The sys- 


tem was tilted at an angle of 44°25’; the bulk interfa- 
cial tension between the fluids was 33 dyne/cm, Since 


for the parallel-plate model, x = h’, h being the 


12 
plate spacing equal to 1 mm, x = 1/1,200 cm’. Eq. 14 
yields for the critical rate, U, = 0.23 cm/sec. 

Fig. 1 gives a time sequence (a,b,c,d) of photo- 
graphs of experiments carried out at an injection rate 
about twice the critical value (U = 0.41 cm/sec), The 
instability of the moving interface resulting in the pro- 
duction of fingers is apparent from these photographs. 
The shape of these fingers is clearly seen, and it will 
be noticed that there is a dissimilarity between the form 
of the water fingers and that of the oil fingers. 

Fingers of the less viscous liquid, here the water- 
glycerine solution, are the broader ones. Note also the 
characteristic bulbous tips of the fingers. These ef- 
fects are thought to be partly due to difference in vis- 
cosity. The more viscous oil yields more slowly to the 
shearing stresses produced in forcing the oil ahead. 
This flattens the tips of the water fingers. Similar ef- 
fects have been noticed by Avsec’ and may also be 
seen in the work of Lewis’. Nevertheless, the quasi-sinu- 
soidal character of the deformation of the originally 
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straight interface is obvious from the pictures. 

With increase in flow rate the number of fingers in- 
creased, as is seen from Fig. 2, which shows three pho- 
tographs of experiments carried out with different in- 
jection rates at corresponding displacements of the 
flood “front” (Fig. 2a is identical with Fig. Ic). This 
is iN agreement with Eqs. 15 and 16, which predict the 
smaller wavelengths of maximum instability for higher 
flow rates. 

Since in the parallel-plate model o equals o*, the 
wavelengths of maximum instability can be directly cal- 


Fic. 1—Insrapitiry or A Water-o1t InterFace Movine 
Unirorm Normat Sreep or 0.41 cm/sec AS COMPARED TO 
CriticAL Speep oF 0.23 cM/SEC IN A TILTED CHANNEL FoRMED 
BY PARALLEL Piates, ANGLE OF TILT, 45°; uw, = 0.552 
POISE; AND pt, = 1.39 POISE. 


a D 

Fic. 2—Tue Errecr or Rate on FINGER SPACING AS OBSERVED 

iN TitteD CHANNEL ForMeED BY PARALLEL PLATES. FLurps AND 

AncLE oF TILT ARE Same AS IN Fic. 1. (a) U = 0.41 co /sEc, 
(b) U = 0.87 cm/sec, ann (c) U = 1.66 cm/sec. 
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TABLE 1—COMPARISON OF CALCULATED AND OBSERVED FINGER 
SPACING IN PARALLEL-PLATE MODEL 


Calc Obs. 

Uc Uexp. Nave. 

Fig. No. (cm/sec) (cm/sec) (cm) (em) | 
1 and 2a 0.23 0.41 4.6 S25 
2b 0.23 0.87 2.6 2.4 

2c 0.23 1.66 1.6 [bard 


culated. In accordance with interpretation of the theory 
given before, we compare this calculated X,, with the 
average fingerspacing, ,,.., determined experimentally. 
Numerical results are given in Table 1. 

The comparison between the observed and calculated 
wavelengths of maximum instability in this table is 
favorable to the interpretation as it stands; however, 
the centimeter difference in wavelength for the experi- 
ment illustrated in Fig. 1, an excellent illustration of 
fingers, may be associated wieh the observation that 
discrepancies are most likely to occur at the lower in- 
jection rates since, although the instability index, n, as 
a fraction of wavelength possesses a maximum for all 
rates, the maximum is the flatter, the lower the rate. It 
is therefore less probable that the wavelength of maxi- 
mum instability will distinguish itself in the time span 
of exponential growth. 

Fig. 3 illustrates this, for it is a plot of n as a func- 
tion of X as calculated from Eq. 12 for the three ex- 
periments under consideration. As is clear from this 
figure, the maximum for the lower rate experiment is 
not pronounced; this may explain the discrepancy ob- 
served. 


EXPERIMENTS WITH TRANSPARENT POWDER PACK 
MopELS COMPLETELY SATURATED WITH OIL 


With the transparent model technique reported 
earlier’, interesting results have been obtained pertain- 
ing to an actual porous medium. Two models were 
used, of dimensions 5 x 30 x 60 cm and 2 x 9 x 18 
cm. The models were packed with Pyrex glass powder 
and completely saturated with oils having a refractive 
index identical to that of the Pyrex glass to render the 
glass pack transparent. At both ends of the models 
small chambers were provided separated from the glass 
pack by a wire screen. The chamber at the injection 
end was flooded out by the injection water before the 
experiment was started to ensure a planar interface at 
the start of the experiment. Since the injection fluid 
(water) has a refractive index differing from that of 
the glass grains and the oil, light is scattered wherever 
water has penetrated; these places show up white in the 
photographs. 


nx 


18 


| 


Acm 
Fic. 3—Ptor or Inpex, n, AS A FuNC- 
TION OF WAVELENGTH, A, FOR THREE PARALLEL 
PLatr EXPERIMENTS. 
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18 cm 
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Fic. 4-Turee Examptes SHOWING THE EFFECT 
or Viscosiry AND BuLK INTERFACIAL TEN- 
SION ON Frincer Spactnc. DisPpLACING WATER 
Appears WHITE. (a) uw, = 9.45 ce, k = 96 D, 
= 1 cre, U = 0.00932 AND o = 42 
DYNE/CM; (b) uw, = 66 cP, k = 65 D, uw, = 0.936 
cp, U = 0.0106 cm/sec, AND o = 48 DYNE/CM; 
(c) p°= 202 ce, k= 65 D, =c ce, U= 
0.00525 em/sEC, AND o = 3.5 DYNE/CM. 

The glass powder used in these experiments was 
carefully cleaned with acids and solvents. Its wettabil- 
ity condition can best be described as neutral. Photo- 
graphs of three representative experiments are repro- 
duced in Fig. 4. 

In contrast to instabilities observed in the parallel 
plate model, the sides of the fingers in these pictures 
are not smooth but clearly show irregularities. Though 
not of special interest in the problem under discussion 
it does have a bearing on production behavior as shown 
in a recent paper”. 

Comparison of Fig. 4a with Fig. 4b shows that 
when the oil viscosity is higher, smaller fingers are 
formed. Also the lower the bulk interfacial tension, the 
smaller the fingers as is demonstrated by comparison 
of Fig. 4b with Fig. 4c. These trends are in accordance 
with those predicted by the theory. 

Since the value of o* in Eq. 20 is essentially un- 
known, no a priori numerical prediction of the wave- 
length of maximum instability can be given, It can, 
however, be shown that trends predicted by the theory 
are in numerical agreement with experimental data. 


For systems of approximately neutral wettability, it 
is reasonable to assume that o* is directly proportional 
to o. On this basis, for horizontal displacements such 
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that U, =0, and k, = k. =k, Eq. 16 in conjunction 
with Eq. 15 can be written as 


| ok 
where C is a dimensionless constant of the order, 
The experimental data are found to fit this formula 
to a reasonable degree when the constant C is taken 


equal to 30. Characteristics of the experiments as well 


as the finger spacings measured are presented in 
Table 2. 


Since all parameters have been varied in these ex- 
periments, agreement between theory and experiment 
may be called satisfactory. 


FINGERING IN SYSTEMS CONTAINING CONNATE WATER 

The same visual model technique has also been used 
to produce oil-saturated packs containing connate water. 
An aqueous solution of ammonium iodide of matching 
refractive index was first injected into a pack consisting 
of pyrex powder baked for several hours at 500°C. 
Upon displacement by oil of the same refractive index 
a transparent system containing up to 0.15 pore volume 
of connate water was obtained. This system imbibes 
water spontaneously and can be described as strongly 
water-wet. When pure water is injected mto a model 
prepared this way, the phenomenon of various finger- 
ing is again clearly observed as is illustrated by the 
photograph of Fig. 5. Though quantitative data are still 
insufficient to test the theory thoroughly, it is clear 
that for such systems the constant, C, in Eq. 24 is larger 
than for the “neutral” systems discussed before. This is 
in accordance with the a priori expectation that o* 
should be larger for media which spontaneously imbibe 
water than for those which do not. 

This also signifies that the critical wavelength, 2,, for 
such water-wet systems is large and can easily exceed 
twice the lateral extent of the model or the core speci- 
men. Under such conditions all observable wavelengths 
fall in the range of stability or decaying amplitudes; 
this may explain why, under laboratory conditions, the 
phenomenon of viscous fingering may not reveal itself 
even though the system satisfies the necessary condi- 
tion for instability. In this connection, both a high vis- 
cosity difference and a high injection rate have been 
used for the Fig. 5 experiment. 


These results are of particular interest for interpre- 
tation of data from laboratory experiments with respect 
to field applications. 

Even if the usual similarity groups’ such as 


ELCs 
ili, 


TABLE 2—COMPARISON OF CALCULATED AND MEASURED FINGER 
SPACING IN TRANSPARENT GLASS PACK 


Calc. Obs. 
Fig. o kx 108 U 
No. (dyne/cm) (cm?) (cm/sec) (poise) (poise) U(uo — uw) fern) 
(cm) 
Ac 325 64 0.00525 2.02 0.030 0.432 0.65 
4 64 0.0148 0.60 0.00914 0.51 0.67 
15 11.1. 0.0020 0.66 0.00914 1.07 0.88 
4b 48 64 0.0106 0.66 0.00936 1.97 1.45 
11 64 0.011 0.086 0.0090 2.1 
47 80 0.00133 1.86 0.0093 3.72 4.0 
4a 42 94 0.00952 0.0945 0.0010 6.7 520 
47 80 0.0010 1.86 0.0093 4.3 §5 
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Fic. 5—Fincer Formation A Porous 
BEARING Mepium ConTAINING 0.15 Pore VoLUMES 
oF ConnaAteE Water. DispLactnc WATER APPEARS 
WuitE. = 200 cr, uw, = 1 cP, o = 25 DYNE/ 
cm, k = 200 D, anp U = 0.115 cm/sec. 


are used to determine a model displacement experi- 
ment, results can be misleading if the phenomenon of 
viscous fingering occurs in the prototype, whereas in 
the laboratory experiment A, exceeds the greatest later- 
al dimension, d, of the model. In that case frontal dis- 
placement occurs in the model, leading to higher re- 
coveries than in the reservoir. 

Therefore, for wastable systems a properly scaled ex- 
periment also requires the dimensionless group, 


(3) 
to be identical in model and prototype. To satisfy these 
conditions simultaneously, although not impossible in 
principle, is hardly feasible in practice. 

There exist, however, possibilities of departure from 
strict adherence to the scaling rule pertaining to finger 
spacing, depending upon the range of A,,/d in the res- 
ervoir. 

We consider the three following cases. 

1. X,,/d << 1 in the prototype. This signifies a large 
number of fingers. It is our experience that as long as 
there are a sufficient number of fingers in the model 
(of the order of six or more), production behavior is 
insensitive to variations in the value of A,,/d. 

2. X»/d >> 1 in the reservoir. Then the system has 
essentially a stable behavior, i.e., no fingers will occur; 
also in the model an essentially stable situation must 
be present, i.e., X,,/d should be greater than one. 
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3. In the prototype X,, is of the order of d. Produc- 
tion behavior can be seriously affected by the variations 
in the value of A,,/d. Therefore in this case the value 
of this similarity group should be exactly the same in 
model and prototype. 

Since for relative permeability measurements small 
cores are usually used, it is not improbable that in 
such a measurement A, exceeds twice the diameter of 
the sample. In such a core a saturation distribution ex- 
ists which is certainly not representative for the fluid 
distribution in a cross section of an actual reservoir 
under conditions where viscous fingers are present. 


NO 


CC: = signed principal curvatures of macroscopic 
interface 

= greatest lateral extent of reservoir or model 

= absolute magnitude of gravitational accelera- 

tion 

= absolute permeability 

= effective permeability to fluid 1 

= effective permeability to fluid 2 

length of reservoir or model 

= instability index, sec. ~ 

= pressure 

= effective capillary pressure 

= saturation 

= volumetric or superficial velocity, cm’ of fluid 
injected/cm* of total cross section x sec. 

perturbation velocity, cm® of fluid/cm’ of fluid 
cross section x sec. 

W = U/#S = initial speed normal to the interface, 
positive when Fluid 1 displaces Fluid 2, 
negative otherwise, cm* of fluid/cm’ of fluid 
cross section x sec. 

Z = cartesian coordinate normal to macroscopic in- 
terface, positive when directed from Fluid 
1 to Fluid 2 

z’ = cartesian coordinate, positive vertically up- 

wards 
(zz’) = angle between z and Zz’ axes. 


lI 


< 
lI 


GREEK 
a = 27/\ = wave number, cm” 
é = initial amplitude of fundamental Fourier per- 
turbation mode, cm 
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¢ = fundamental Fourier perturbation, cm 
Ky 

\ = wavelength of fundamental perturbation, cm 
= absolute viscosity 


p = density 

go = bulk interfical tension 
o* = effective interfacial tension 
= porosity 


x = velocity potential 
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Increased Drill Bit Life Through Use of Extreme 
Pressure Lubricant Drilling Fluids 
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Oil well drilling muds prepared with lubricating aids 
such as oil, graphite or mica will not produce a suf- 
ficiently strong protective lubricant film for the bit 
bearing surfaces under high load conditions encountered 
in drilling operations. Consequently, the damage to the 
bearing surfaces resulting from the absence of such a 
film frequently results in a shortening of the drill bit 
life. 

Several different types of extreme pressure lubricat- 
ing additives for use in muds have been developed. 
These additives are capable of providing a protective 
lubricating film for bearing surfaces subjected to high 
load pressures. A modified version of the Timken lubri- 
cant tester, an instrument commonly used for testing 
the extreme pressure lubricating properties of oils, is 
used for measuring and controlling the lubricating 
qualities of the mud. 

Comparison tests made in the laboratory with 5%-in. 
tricone bits drilling on steel plates immersed in extreme 
pressure lubricating muds and conventional muds 
showed that the bearing life of those bits tested in the 
lubricating mud was three to four times greater than 
obtained with conventional muds. Drilling tests made 
with extreme pressure lubricating muds in West Texas 
increased over-all bit life three to fourfold, reduced 
drilling torque and wear on drill pipe and drill collars. 


RO DUC 


Roller bit cones contain roller, ball and journal- 
type bearings that are subjected to very heavy loading 
during drilling operations in which the only lubricant 
available for these bearings is either water or drilling 
mud. These bearings must be able to operate satisfac- 
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torily in order for the cutting structures on the surface 
of the cones to be fully utilized. Frequently, the bear- 
ings wear to the point that the cones freeze and the 
bit must be pulled before the cutting structures on the 
cones become worn. In some instances the bearings 
continue to turn with severe wear but the cones, which 
are held on the bit by the bearings, drop off; and this 
causes an expensive fishing job. In other instances the 
bearings wear to the point that the cones pinch in 
causing an undergauge hole and delays to ream the 
hole. The advantage of increasing bit bearing life is self- 
evident. 

Because of inability to control the internal wear of 
bits while drilling, it was felt that improvement of the 
lubricating qualities of the circulating mud would be 
helpful. However, the often-discussed lubricating prop- 
erty attributed to muds has been a rather vague and 
intangible one. The literature has implied that the oil- 
emulsion muds are more effective lubricants than non- 
emulsion muds. Actually, there has been no direct 
method of measuring the lubricating property of muds 
which would indicate that one mud was better than 
another; there has been no way to determine whether 
the lubricating property of any mud was adequate. 
Furthermore, in comparing lubricating properties of 
muds, two qualities should be considered—the coeffi- 
cient of friction and the extreme pressure lubricating 
qualities. For example, graphite can reduce the co- 
efficient of friction, but does not provide a strong 
enough lubricating film to protect bit bearings sub- 
jected to high loads. The primary object of the investi- 
gation reported herein was to find a method for 
prolonging the bearing life of drill bits; and consider- 
ing the heavy loads used in drilling, it was felt necessary 
to find both a method of measuring lubricating prop- 
erties under high load conditions and methods of 
establishing effective lubrication under these conditions. 

Extreme pressure lubrication deals with that realm 
of lubrication where metal surfaces are in rubbing 
contact with each other under very high pressures. 
These pressures may be quite high, as for example, 


195 


30,000 psi. When the contact pressure reaches these 
magnitudes, hydrodynamic lubrication loses its effec- 
tiveness because of squeezing out of the lubricant; and 
galling or seizing of the metal surfaces results. Extreme 
pressure lubrication, however, provides protection for 
metal surfaces subjected to high contact loads by 
providing strong pressure-resistant films on the bearing 
surfaces. These films are produced as a result of a 
chemical reaction initiated by the high temperatures 
generated from friction at the point of rubbing con- 
tact. One good feature of this lubricating system is 
that the rate of depletion of extreme pressure lubri- 
cant additives is very slow, the material being con- 
sumed only at the contact points of the bearing surfaces. 


TESTING LUBRICATING PROPERTIES OF MUDS 


The lubricant tester that was found capable of pro- 
ducing high load pressures similar to those encountered 
in bit bearings during drilling is the Timken lubricant 
tester. This tester is an instrument commonly used to 
measure the lubricating qualities of oil. An assembled 
modification for use with drilling fluids is shown in 

Fig. 2 is a schematic drawing of the tester. The 
standard steel test block mounted in the lever arm 
presses against the rotating steel test cup (ring). The 
contact pressure which the block exerts against the 
cup can be adjusted by varying the amount of weight 
hung on the lever arm. Before and during a test run, 
the block and cup are flooded with the mud. A pre- 
determined amount of weight, hanging on the lever 
arm, is released slowly while the cup is turning. If 
the machine runs smoothly, the test is continued for 
10 minutes and the block then examined for scoring 
and seizing. If the appearance of the block surface is 
satisfactory, additional tests are made using new test 


Fic. 1—Lusricant Tester Mopiriep ror Measurinc Lusprt- 
CATING QUALITIES OF Or WeLL 
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pieces with progressively higher weights until a failure 
(seizing) occurs, or until a maximum weight of 100 
lb is hung on the lever arm. Whenever seizure is indi- 
cated by noisy running, the test is stopped. A mud that 
does not prevent metallic seizure from occurring with 
a 20-lb weight on the lever arm is considered a poor 
lubricant. A mud that prevents seizure from occurring 
with a 100-lb weight has good extreme pressure lubri- 
cating qualities. The maximum weight that can be 
used without causing seizure indicates the load-carry- 
ing capacity of the mud. 

In addition to using the amount of weight hanging 
on the lever arm as a measurement of the lubricating 
qualities of a mud, the calculated film strength can 
also be used as a guide in differentiating between poor 
and good lubrication. The film strength is expressed in 
pounds per square inch. It tells how much contact 
pressure can be exerted between surfaces before the 
lubricating film becomes ruptured. It is calculated 
from the area of the scar and load used on the block 
passing the highest load test. The film strength of muds 
can vary from 3,000 to 30,000 psi. 


DEVELOPMENT OF OIL EMULSION MUDS 
WITH EXTREME PRESSURE 
LUBRICATING QUALITIES 


To test the hypothesis that oil emulsion muds have 
better lubricating properties than muds without oil, two 
samples of a 6 per cent bentonite suspension, one con- 
taining 10 per cent by volume diesel oil and the other 
without oil, were tested on the lubricant tester. The 
load values in Table 1, Samples 1 and 2, show that 
the lubricating quality of the bentonite suspension con- 
taining oil is no better than the 6 per cent suspension 
without oil. This is shown by the fact that neither of 
the muds prevented the surfaces of the test blocks from 
becoming scarred and galled when tested with a 5-lb 
weight hanging on the lever arm. The contact pressure 
between the cup and block when a 5-lb weight is 
hung on the lever arm is about 100 psi. This value 
is far below that imposed on bit bearing surfaces during 
drilling operations. These tests cast considerable doubt 
on the frequently accepted thought that oil-emulsion 
muds are good lubricants. 

Extreme pressure (EP) lubrication is incorporated 
into lube oils and oil emulsions, such as cutting oils, 
by the addition of suitable EP additives. These addi- 
tives form protective lubricant films by undergoing 
thermal decomposition as a result of the high tempera- 
tures produced by rubbing surfaces subjected to high 
contact pressures. The protective film which is formed 
is not metallic in nature, but chemical. Consequently, 
under conditions of extreme pressure lubrication, very 
little metallic wear, other than slight corrosive wear, 
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TABLE 1—LOAD-CARRYING CAPACITIES OF OIL EMULSION MUDS WITH 
AND WITHOUT EXTREME PRESSURE LUBRICATING ADDITIVES 


Petroleum! 
Sample sulfonate EP additive 
No. (1b/bbl) (1b/bbl) 
1 — 
2 3 
3 3 3.5 sulfurized di-isobutylene® 
4 6.5 asphalt 
5 3 §6.5 asphalt 
13.5 sulfurized di-isobutylene 
3 {6.5 asphalt 
16.5 lead sulfide 
7 3 $6.5 asphait 
sulfurized crude fatty acids® 
8 1 2 sulfurized di-isobutylene 


lEmulsifying ager. 

*6 per cent commerciai bentonite by weight 

3Sulfurized di-isobutylene: contains about 40 per cent sulfur by weight 
*Asphalt: blown asphalt containing about 3 per cent sulfur by weight 
’Sulfurized crude fatty acids: containing 11 per cent sulfur 


Timken test 
Oil type and Mud Load 
concentration in mud type Result (pound) 
= bentonite-water= fail 5 
10% diesel oil bentonite-water fail 5 
10% diesel oil bentonite-water pass 30 
cee diesel oil bentonite-water pass 25 
/o diesel oil bentonite-water pass 60 
10% lube oil extract 
bentonite-water pass 95 
10% oil extract 
bentonite-water pass 65 
10% asphalt extract + bentonite-water pass 100 


diese! oil 


takes place on the metal surface. Typical extreme 
pressure lubricating additives are usually organic mate- 
rials with certain active radicals or groups that contain 
sulfur, chlorine, phosphorus, etc., which in undergoing 
thermal decomposition react with the metal surface 
to form either a sulfide, chloride, or phosphide film. 
Also, organo-metallic greases are formed which con- 
tribute to the EP lubrication. 

The first attempts to improve lubricating properties 
of drilling fluids were made with oil-emulsion muds. 
The reason for starting with this type mud was the 
similarity between it and cutting oils. Cutting oils are 
usually oil-in-water emulsions containing EP additives 
to help reduce tool wear. Cutting oils, however, do not 
contain any added clay or mineral solids. 

Some factors which must be considered when choos- 
ing an EP additive for use in drilling fluids are com- 
patibility, heat stability, resistance to hydrolysis, cost, 
availability, toxicity, etc. Taking all of these factors 
into consideration, it appeared that those EP additives 
containing thermally reactive sulfur were best suited 
for use with oil-emulsion drilling fluids. 

The first test was made by adding sulfurized di-iso- 
butylene (which contains approximately 40 per cent 
sulfur by weight) to an oil-emulsion mud. As a result, 
the load-carrying capacity increased from less than 
5 lb to 30 lb. This and other similar tests showed 
that the addition of asphalts containing sulfur, sulfur- 
ized crude fatty acids and metallic sulfides to oil-emul- 
sion muds improved their lubricating properties. The 
increased load values obtained with these materials 


WUD WITHOUT EP AGENT MUD WITH AGENT 


Fic. 3—Timken Wear Test Resutts (50-LB LOAD, 
10 MINUTES). 
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may be seen in Table 1, Samples 5, 6 and 7. For 
additional additives the reader is referred to Tailleur.* 

Fig. 3 shows cups and blocks used in 10-minute 
tests of a mud, with and without EP agent. The load 
in both tests was 50 Ib. The block and cup which were 
tested with mud having no extreme pressure lubricating 
properties underwent galling, seizure and metallic 
flow. The test cup and block tested with mud contain- 
ing an EP additive underwent no metallic seizure or 
galling. 


DEVELOPMENT OF WATER-BASE MUDS WITH 
EXTREME PRESSURE LUBRICATING 
PROPERTIES 


Originally, it was believed that EP properties could 
not be established in the absence of some hydrocarbon 
oil; but an attempt was made to improve the lubri- 
cating properties of muds without oil. 

It was found that because of incompatibility many 
of the EP additives used to improve the lubricating 
properties of oil-emulsion muds were not suitable for 
use 1n water-base muds. Consequently, the compounds 
which could be used to improve the EP lubricating 
properties of water-base muds were limited in number. 
A 6 per cent bentonite-in-water suspension was adopted 


1References given at end of paper. 


TABLE 2—LOAD-CARRYING CAPACITIES OF BENTONITE SUSPENSIONS* 
CONTAINING CARBOXYLIC ACIDS 


Concentration and type of 
Me Timken test 


Sample carboxylic acids 
No. (volume per cent) Result Load, Ib 
1 fail 5 
2 0.6% oleic acid pass 80 
3 0.6% linoleic acid pass 100 
4 0.6% ricinoleic acid pass 100 
5 0.6% undecanoic acid pass 100 
6 0.6% pelargonic a id pass 55 


*6 per cent bentonite by weight 


TABLE 3— TYPICAL LOAD-CARRYING CAPACITIES OF BENTONITE 
SUSPENSIONS* CONTAINING SULFURIZED AND NON- 
SULFURIZED OILS AND ACIDS 


Concentration and type of 


Sample EP agent Timken test 
No. (volume per cent) Result Load, Ib 
a — fail 5 
2 1.5% crude fatty acid pass 100 
3 0.9% linseed oi! pass 100 
4 1.0% castor oil-blown pass 100 
5 1.0% castor oil-pitch pass 100 
6 2% sulfurized crude fatty acid pass 100 
(0.58% sulfur) 
7, 1% sulfurized crude fatty acid pass 100 
(2.9% sulfur) 
8 1% sulfurized crude fatty acid pass 100 
(8.2% sulfur) 
9 0.6% sulfurized oleic acid pass 100 
(16.5% sulfur) 
10 2% sulfurized lard oil pass 100 
(17% sulfur) 
11 2% sulfurized glycerol trioleate pass 100 


(5.5% sulfur) 
*6 per cent bentonite by weight 
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as the standard mud with which to screen existing EP 
additives and to test new ones synthesized for this 
purpose. 

One group of compounds that improved the lubri- 
cating properties of the 6 per cent bentonite suspen- 
sion was the saturated and unsaturated carboxylic acids 
containing eight or more carbon atoms. Representative 
test load values obtained using these acids in 6 per 
cent bentonite are shown in Table 2. As may be seen 
from the data, the load value of the bentonite sus- 
pension alone is less than 5 lb. The addition of small 
quantities (0.6 per cent by volume) of either a sat- 
urated or unsaturated carboxylic acid to the suspension 
improves the lubricating qualities to the extent that 
load values between 55 and 100 lb are realized. These 
load values represent lubricant film strengths between 
9,000 and 25,000 psi. 

From the viewpoint of economics, carboxylic acids, 
even in small quantities, would not be practical to use 
in drilling operations. There are, however, several 
natural products available which are inexpensive and 
contain carboxylic acids. In particular, materials such 
as linseed oil, castor oil and crude fatty acids were 
evaluated for their ability to improve the load-carrying 
capacity of bentonite-water suspensions. Table 3 shows 
that load values of bentonite suspensions containing 
between 0.5 and 1 per cent (by volume) of some of 
these natural produces are 100 lb. This value corre- 
sponds to a film strength of better than 25,000 psi. 
These materials are as effective as the more expensive 
carboxylic acids for improving the lubricating proper- 
ties of bentonite-water suspensions. 

In addition, it was found that the sulfurized forms 
of both acids and oils could also be used. The load- 
carrying capacities of bentonite suspensions containing 
sulfurized oleic acid and other sulfurized oils are also 
shown in Table 3. The load-carrying capacities of the 
bentonite suspensions prepared with these materials are 
100 lb or thereabouts, the maximum load value being 
dependent on the concentration of additive. 


As a result of finding that the addition of sulfurized 
and non-sulfurized carboxylic acids or oils improves 
the lubricating properties of bentonite water suspen- 
sions, the possibility of treating plain water was inves- 
tigated. Again, the limitations that applied in selecting 
EP additives for use with bentonite-water suspensions 
reappear with the added restriction that there is no 
clay or mineral solids present to aid in dispersing the 


additives. This was of particular concern since none 
of the additives that improved the lubricating proper- 
ties of the bentonite suspensions were soluble or readily 
dispersible in water. Under these limitations, two 
alternatives presented themselves; one was to modify 
the acids or oils so that they would be soluble in water 
(i.e., converting them to soaps or esters), the other 
was to use them in combination with an emulsifying 
agent. 

The load-carrying capacities of water with soaps of 
fatty acids and emulsions of carboxylic acids and oils 
are shown in Table 4. The load values shown in this 
table vary from 50 to 100 lb, depending on the type 
and concentration of additive used. 


In addition to testing the lubricating properties of 
water containing emulsified oils and acids, the sul- 
furized forms of the acids and oils were evaluated. 
Table 4 also shows the load values of some of these 
emulsified in water. The lubricating properties of these 
emulsions are very good, as indicated by load values 
of 100 Ib. 


The use of sulfurized materials, such as sulfurized 
oils or acids, as extreme pressure lubricating additives 
has a broader range of applications than the non-sul- 
furized materials. In particular, it has been observed 
that the lubricating qualities of water emulsions pre- 
pared with non-sulfurized materials decline rapidly 
when a hydrocarbon oil is added to the water. For 
example, Table 5 shows that the load values of crude 
fatty oils and sulfurized crude fatty oils emulsified in 
water are 70 and 100 lb, respectively. When 5 per 
cent (by volume) diesel fuel oil is added to these emul- 
sions, the load value of the sample prepared with the 
sulfurized acids remains at 100 lb. The sample pre- 
pared with the non-sulfurized acids is reduced to the 
point that it fails when tested with only a 5-lb weight 
hanging on the lever arm. In general, the higher the 
sulfur content of the additive the higher the oil con- 
tent that can be tolerated. 


LABORATORY BIT AND BEARING TESTS 


After establishing that extreme pressure lubricating 
properties can be effected in muds, several large-scale 
tests were made with 5%-in. hard rock-type tricone 
bits. The object of the tests was to determine whether 
the bearing life of these bits could be prolonged by 
the use of muds having EP lubricating qualities. The 


TABLE 4—LOAD-CARRYING CAPACITIES OF WATER CONTAINING 
EMULSIFIED EP AGENTS 


Sample Concentration of 
No. Emulsifying agent 


1 sodium silicate 

1 Ib/bbI zodium carbolate 

3/4, |b/bbI alkyl! aryl sulfonate 
|Ib/bb! sulfonated castor oil 
V2 ethylene oxide 
derivative of nonyl-phenol 

1 Ib/bbI sodium metaborate 


1 ib/bd! trisodium phosphate 


DOD NOME WN— 


|b/bbl ethylene oxide 
derivative of sorbitan trioleate 


Concentration of EP Timken test 
additive Result Load, Ib 
V2 |b/bbI soduim oleate pass 100 
6 |b/bb! potassium oleate pass 80 
1% (by vol) oleic acid pass 100 
1% (by vol) oleic acid pass 100 
1% (by wt) crude fatty oil pass 70 
1% (by wt) crude fatty oil pass 50 
6 |b/bbl sulfurized crude pass 100 
fatty oil (5% sulfur) 
1% (by vol) sulfurized oleic Pass 100 
acid (5% sulfur) 
1% foy vol) sulfurized crude pass 100 
fatty oil (4.7% sulfur) 
1% (by vol) sulfurized crude pass 100 


fatty oil (2.7% sulfur) 


TABLE 5—LOAD-CARRYING CAPACITIES OF SULFURIZED AND NON-SULFURIZED CRUDE FATTY OILS IN WATER 
AND IN OJL-IN-WATER EMULSIONS 


Additive: 1 per cent* fatty oil 


Additive: 1 per cent* sulfurized fatty oil 
(5% sulfur) 


Composition of test fluid 


Water + 1/2 Ib/bbI emulsifier? pass 
Water + 1/2 Ib/bbl emuisifier + 5%* diesel oi! fail 
Water + |Ib/bbi emulsifier + 10%* diesel oil fail 


*Volume per cent 
1Ethyiene oxide derivaiive of nonyl-pheno! 


198 


Timken test: Result 


Load, Ib Timken test: Result Load, Ib 
70 pass 100 
5 pass 100 
5 pass 70 
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bits were immersed in various muds maintained at or 
near 100-lb load capacity. The tests were conducted 
by rotating the bits on alloy steel plates at 120 rpm 
under an applied load of 15,000 Ib. Each test was dis- 
continued when the bit torqued up. The results shown 
in Fig. 4 show that the bearing life in an EP oil emul- 
sion mud is three to four times greater than in a con- 
ventional mud; in an EP water-base mud, the bearing 
life is four to five times greater than that obtained in 
a water-base mud without any lubricating qualities. 

Several wear tests were made by various bit manu- 
facturers with EP fluids in which turbodrill and rotary- 
type drilling conditions were simulated. The results of 
test stand drilling tests made with a turbodrill, using 
9-in. standard bits drilling on steel plates, showed that 
when water with EP lubricating qualities was used as 
the circulation fluid, the bearing life was three times 
aS great as that obtained when plain water was used. 
These tests were run at various representative bit weight 
loads. 


Laboratory tests made with pilot pins and bushings 
of drill bits have shown that muds with EP lubricating 
properties are very effective in reducing the wear of 
these parts. In particular, pilot pins and bushings 
tested for wear in a 5 per cent bentonite suspension 
containing an EP additive showed average losses of 
0.0015 and 0.002 in. of their outside and inside diam- 
eters, respectively, after 20,000 revolutions under load. 
The same pins and bushings tested in a 5 per cent 
bentonite-water suspension without any additive showed 
losses of 0.021 and 0.009 in., respectively. Thus, the 
use of a mud with extreme pressure lubricating qualities 
reduced the wear on the pilot pin more than tenfold 
and of the bushing by more than fourfold. 


FIELD TEST—EP OIL EMULSION MUD 


The first field test with EP muds were conducted 
in the Mapiri field of Eastern Venezuela. The addi- 


TABLE 6—B'TS USED TO DRILL TEST INTERVALS WITH EXTREME PRESSURE 
LUBRICATING OIL EMULSION MUD AND NON-LUBRICATING 
OIL-EMULSION MUD 
Oil-Emulsion Mud 

Depth interval 


Number of bits Drilling time 


required (feet) Footage (hours) 
1 8,320 to 8,468 148 6.92 
1 8,468 to 8,635 167 6.40 
1 8,635 to 8,849 214 8.21 
1 £,849 to 9,020 171 6.92 
1 9,020 to 9,198 178 9.00 
Total 5 878 37.45 


Average: 176 ft per bit 
Extreme Pressure Lubricating Oil-Emulsion Mud 


1 8,223 to 8,630 407 16.20 
1 8,630 to 8,816 186 16.40 
] 8,816 to 9,045 229 WTS 
1 9,045 to 9,296 251 13.61 
Total 4 1,073 57.36 


Average: 268 ft per bit 
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tives used to produce the extreme pressure lubrication 
properties were asphalt and sulfurized di-isobutylene. 
The mud had the following approximate composition 
and a test load value of 55 to 75 lb was maintained 
throughout the entire test interval. 


Water 70 per cent by volume 
Oil 12 per cent by volume 
Clays and other solids 15 per cent by volume 
Asphalt 2 per cent by volume 
Sulforized di-isobutylene 1 per cent by volume 
Petroleum sulfonate 2 Ib/bbl 


A comparison well, 1,200 ft away, was drilled with 
an oil-in-water emulsion mud without any extreme 
pressure lubricating qualities. This mud had the fol- 
lowing approximate composition. 


Water 60 to 75 per cent by volume 
Oil 15 to 20 per cent by volume 
Clays and other solids 10 to 20 per cent by volume 
Petroleum sulfonate 2 Ib/bb 


The test with the EP mud was made by drilling a 
limited interval of 1,073 ft (8,223 to 9,296 ft) with 
four drill bits. The interval drilled on the comparison 
Well with oil-emulsion mud was 878 ft (8,320 to 9,198 
ft) and required the use of five drill bits. Thus, the 
footage drilled per bit with the EP mud was about 
268 ft; whereas the footage drilled per bit with the 
oil-emulsion mud was only about 176 ft. Table 6 
shows the footage per bit drilled with the EP oil emul- 
sion mud and the conventional mud. 


A close examination of the data in this table shows 
that the bits used with the lubricating mud drilled 53 
per cent longer than the bits used with the conven- 
tional oil emulsion mud. However, the over-all drilling 
rate with these bits was 18.7 ft/hr vs 23.4 ft/hr for 
the bits used in the conventional mud. An examination 
of the drill bits used with the EP mud showed that the 
cutting teeth were badly worn although the bearings 
were in good condition, Consequently, the reduced 
drilling rate appears to be the result of drilling too 
long with worn teeth. The reason for continuing to use 
these drill bits even though the cutting teeth had become 
worn, and normally would have been replaced, was to 
expose the bit bearings to as severe test conditions as 
possible. In spite of the severe test conditions, no 
bearing failure was experienced on any of the four bits 
used to drill the test interval with the lubricating mud. 


FIELD TESTS— EP WATER-BASE MUDS 


First FIELD TEST — EMMA ELLENBURGER 
FIELD, ANDREWS COUNTY, TEX. 

The first field test with water-base extreme pressure 
fluids was made in the Emma Ellenburger field FK 72 
in south central Andrews County, Tex. 

The normal drilling fluid practice in this field is to 
use water for drilling the interval 4,150 (approximate 
intermediate casing point) to 8,450 ft. To compare EP 
fluids with conventional fluids, it was necessary to test 
both types of fluids in strata having similar lithology. 
For this reason, only the intervals from 5,075 to 6,273 
ft and from 7,061 to 7,976 ft were drilled with EP 
fluids; the intervals from 4,150 to 5,075 ft and from 
6,273 to 7,061 ft were drilled with plain water. At 
this time, methods of using EP agents in water had 
not been developed, and in order to convert the fluid 
into one which had EP lubricating properties, 7.5-lb/bb] 
clay (5-lb/bbl salt water clay + 2.5-Ilb/bbl high yield 
clay) and 1 per cent oleic acid (by volume) were 
used. The clay was first cycled through the system 
to insure complete hydration. After this the acid was 
added to the suction pit at the rate of 2 drums per 
hour. 
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“FIELD PERFORMANGE-E.P DRILLING FLUID 


CHERT BIT 35000 LB.-35 RPM 
_ TIME TO LOCKING OF CONES 

$4 HOURS 124 HOURS 
WATER WATER AND E.P. 


4 FT. DRILLED 1200 FT, DRILLED 
Fic. or Currinc STRUCTURE WITH AND 


witHout EP LupricaTIon. 


To insure that the acid was completely dispersed, 
the pits were gunned continuously during the conver- 
sion. When sufficient time had elasped to insure full 
circulation of the acid, a sample of the mud was taken 
from the flow line and tested on the lubricant tester. 
The test made at this time showed that the load-carry- 
ing capacity was 100 lb, and drilling was resumed 
at a depth of 5,075 ft with an 8.75-in. chert (carbide 
insert) bit. The bit was rotated at 40 rpm under an 
applied load of 35,000 Ib. While the test was in prog- 
ress, periodic checks were made of the lubricating 
qualities. During the entire test the load value was 
maintained at 100 lb by additions of oleic acid. A two- 
channel recorder was used to record the weight on 
the bit and relative torque values. After the one bit 
had been used, the test was discontinued and the pits 
jetted. 

The footage drilled with the chert bit was 1,198 
previous drilling record made with a chert bit in the 
same field was 504 ft in 54.5 hours. Fig. 5 shows 
the chert bit after drilling the 504 ft. The cones of 
this bit are in good condition. If the bearings had not 
worn out as rapidly as they did, considerably more 
footage would have been drilled. With the bit used in 
EP fluid (also shown in Fig. 5) the cones are much 
more severely worn, indicating fuller utilization of 
both cones and bearings. 

Table 7 shows typical runs made in other wells in 
the Permian Basin area with 8.75-in. chert-type bits. 
The average run for this type of bit rotating between 
35 and 50 rpm, under an applied load of approxi- 
mately 35,000 lb, appears to vary from 35 to 40 hours. 

To drill with water from 6,273 ft (the end of the 
first EP test) to 7,061 ft required the use of two hard 


TABLE 7--FOOTAGE AND HOURS DRILLED WITH 8.75-IN. CHERT BITS 
USING VARIOUS TYPES OF CIRCULATING FLUIDS 


Drilling Interval drilled Hours Feet Bit 
Fluid (feet) run drilled weight RPM 
EP mud 5,075 to 6,273 123.75 1,198 35,000 40 
water 10,022 to 10,817 154.5 795 30,000 35 
water 11,597 to 11,743 3.75 146 15,000 36 
graphite 
mud 11,535 to 11,940 94.5 405 30,000 30 
mud 11,630 to 12,161 104.5 531 30,000 30 
mud 11,028 to 11,191 103.5 163 20,000 45 
mud 11,270 to 11,421 104 151 15,000 55 
air 6,013 to 6,978 81 965 15,000 44 
oir 6,199 to 7,166 66.5 967 40,000 75 
air 7,066 to 8,261 67.5 Wiles 40,000 75 
water 4,406 to 5,366 73 906 30,000 45 
mud 12,130 to 12,358 52.5 228 40,000 40 
water 8,989 to 9,372 82.5 383 35,000 35 
water 9,404 to 9,690 67.5 286 35,000 35 
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rock bits. The first bit drilled 476 ft (6,273 to 6,749 
ft) in 20.5 hours; the second drilled 312 ft in 17.5 
hours. At 7,061 ft the same procedure of converting 
the fluid used in the first test was used again to estab- 
lish EP properties. The load-carrying capacity was 
maintained at 100 Ib by the addition of oleic acid as 
necessary. The next hard rock bit used in the converted 
fluid drilled 7,061 to 7,976 ft, a total of 915 ft in 41 
hours. This was substantially better than the perform- 
ance of the two bits used just before adding EP mate- 
rial. After this, the pits were jetted and drilling was 
resumed with plain water. 

While the first test in the upper part of the hole 
was in progress, a reduction in drilling torque was 
recorded. However, since the bit used prior to the 
chert bit was an ordinary hard rock bit, and under 
different operating conditions, it was not possible to 
make any direct comparisons of the relative torque 
values. 

The first conclusive indication that EP fluids reduced 
drilling torque came about during the second conver- 
sion process while oleic acid was being added. The 
relative torque value recorded while the clay was being 
cycled and with the drill string rotating off bottom 
was 16.5. Two hours after the addition of oleic acid 
the relative torque was reduced to 9.0. 

A total of 13.4 days and 11 bits was required to 
drill the interval from 4,100 to 8,472 ft using both 
plain water and EP treated water. To drill a similar 
interval with plain water in four comparison wells in 
the same field required an average of 14.25 days and 
18 bits. The tests on this well indicated that bit life 
could be extended by using muds with EP properties. 


SECOND FIELD TEST — GLADIOLA DEVONIAN 
FIELD, LEA County, N. M. 

The second well was the Lea State AV No. 40, 
Gladiola field, Lea County, N. M., and the agent used 
was a cheap crude fatty acid material. As the teeth 
on the bits were wearing out rapidly, the bits could not 
be run long enough to take advantage of possible 
extended bearing life; therefore, the results were gen- 
erally inconclusive. 

However, the average torque while drilling with EP 
fluid from 6,568 to 11,782 ft was 400 ft-lb, as meas- 
ured on a Calibrated torque meter. On a comparison 
well drilling with water, the torque was 8,000 ft-lb, 
and after conversion to oil emulsion-salt water clay 
mud, the torque was 5,000 ft-lb. 


THIRD FIELD TEST — KING MOUNTAIN 
ELLENBURGER FIELD, UPTON COUNTY, TEX. 


The third test well of this series was the McElroy 
Ranch Co. M3 located in the King Mountain area, 
Upton County, Tex. 

Results obtained in the second test had shown that 
EP muds could be used to greatest advantage in areas 
where bit bearings fail before the teeth do. Conse- 
quently, this new test was made in an area where bear- 
ing failure was known to be the factor that limited 
bit life. This test was also planned as an extended 
evaluation of the economics of using EP fluids. As in 
the previous tests, the bits were used until they torqued 
up. 
The formations below 5,000 ft in the King Mountain 
area are very hard and abrasive. Consequently, numer- 
ous chert bits are used below this depth for an interval 
of about 4,000 ft. When chert bits are used with con- 
ventional fluids, bit failure is commonly the result of 
bearings wearing out before the teeth. 
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The procedure for drilling wells in this field is to 
set intermediate casing at 4,300 ft and drill to 8,700 
ft with water. The hole is then mudded up at 9,000 
ft for drill-stem test and for drilling the shale section 
below this point. This drilling program resulted in 
the test being in two phases (1) through the interval 
normally drilled with water, and (2) through a lower 
interval drilled with mud. A four-channel recorder was 
used to record the torque, weight on bit, rpm and 
pump pressure. 


When the hole had reached 5,194 ft the first phase 
of the test was started. For comparison purposes the 
first and fourth bits were uséd with plain water. The 
remainder of the bits were used with treated water. 


Table 8 shows the footage drilled by the first four 
chert bits in plain water and water having extreme 
pressure lubricating qualities. The water was converted 
by the addition of 5 Ib/bbl salt water clay and 1 per 
cent (by volume) crude fatty oil; the clay was cycled 
before adding the oil. The lubricant tester was used 
to measure and control the load-carrying capacity of 
the treated water. The load value was maintained at 
100 lb by the addition of the oil as needed. As may 
be seen from the data in Table 8, the footage drilled 
by the bits used with the treated water is twice that 
drilled with plain water. The rotating time on bottom 
for these bits is almost three times that of the bits that 
were used with plain water. 


Table 9 shows the number of bits used to drill the 
test interval 5,194 to 8,910 ft and to drill similar 
intervals in two other wells in the same field. In the 
test well, six chert bits and one hard rock bit were used, 
while in one comparison well 13 chert bits and one 
regular bit were used. The other well required 12 
chert bits and one regular bit. Included in the test 
well data are the first and fourth bits which were used 
in plain water. It appears that if treated water had 
been used throughout the test interval, only five instead 
of six chert bits would have been used. 


The second phase of testing in this well began at 
8,910 ft. The hole was mudded up with a low-solids 
CMC-type mud to which was added 1.5 per cent (by 
volume) crude fatty oils. The load-carrying capacity 
of the mud was maintained at 100 lb while drilling 
from 8,910 to 10,310 ft. The test was stopped at 
10,310 ft because crooked hole difficulties made con- 
tinued bit life comparisons impossible. Table 10 shows 
the number of chert and regular bits used to drill this 
lower interval on the test well and on the two com- 
parison wells. To drill this interval on the test well 
required 2.3 chert and eight hard rock bits. To drill 
similar intervals on the two other comparison wells 
required, in one case, seven chert and nine regular 


TABLE 8—FOOTAGE AND HOURS DRILLED WITH 8.75-IN. CHERT BITS 
IN WATER AND IN WATER CONVERTED WITH 5 LB/BBL SALT 
WATER CLAY AND 1 PER CENT CRUDE FATTY OIL 


Drilling 
Bit Interval Footage rate 
No. Fluid used (feet) drilled Hours (ft hr) 
24 fresh water 5,194 to 5,562 364 42 8.3 
25 treated freshwater 5,562 to 6,240 678 108 6.3 
26 treated fresh water 6,265 to 7,066 801 143 5.0 
27 ~fresh water 7,066 to 7,440 374 46 8.0 


TABLE 9—BITS USED TO DRILL THE UPPER INTERVAL OF THE TEST WELL 
AND OTHER WELLS IN THE SAME FIELD 


McElroy Ranch 
Co. M3 Well A Well B 
(8.75-in. bits) (77/g-in. bits) (8.75-in. bits) 
Interval: 5,194 to 8,910 ft 5,170 to 9,000 ft 5,089 to 8,941 ft 
6 chert bits 13 chert bits 12 chert bits 
1 regular bit 3 regular bits 


1 regular bit 


VOL. 216, 1959 


|-TREATED WATER~ 


Fic. 6—ToroQueé VALUES wiTH Points: (1) DRILL 
Birt orF Bottom In PLAIN WATER AT 5,297 FT, 
(2) Dritt Birr on Bottom PLAIN WATER AT 
5,297 rr, (3) Dritt Bir orr Borrom in EP 
TREATED WATER AT 5,663 FT, AND (4) DRILL 
Bit on Borrom 1n EP Treated WATER 
AT 5,663 FT. 


hard rock bits and in the other, eight chert and 15 
regular hard rock bits. 

Of particular interest in this lower interval is the 
section from 9,879 to 10,310 (431 ft) which is com- 
posed of Devonian chert. This section was drilled in 
117 hours with one chert bit. The footage and hours 
of drilling with this bit are more than three times the 
footage and hours of drilling obtained with chert bits 
used through similar sections in the comparison wells 
(i.e., Well A, 121 ft, 42.5 hours; Well B, 121 ft, 29.25 
hours). 

Reduced drilling torque was evident where the fluid 
in the hole had extreme pressure lubricating qualities. 
Fig. 6 shows the torque in water and in water that 
had been treated to improve its extreme pressure lubri- 
cating qualities. The torque values recorded in water 
while the drill string was rotated on and off bottom 
at a depth of 5,297 ft were about 3,000 and 1,600 
ft-lb, respectively. The torque values recorded in the 
lubricated water while the drill string was being rotated 
on and off bottom at 5,663 ft were about 1,400 and 
1,200 ft-lb, respectively. This represents a 50 per cent 
reduction in torque while drilling and a 25 per cent 
reduction while rotating off bottom. 

Table 11 shows the total number of bits for both 
the upper and lower intervals of the test well and for a 
similar section in the two other comparison wells. 
Comparing with the average of the comparison wells, 
11.7 chert bits and five rock bits were saved. 

The over-all well cost to drill the complete test in- 
terval, as compared to drilling a similar interval on 
the two comparison wells, was substantially lower. 
Considering bit costs, rig time and chemical costs, the 
over-all saving for drilling the test interval was SL WS). 


TABLE 10—BITS USED TO DRILL THE LOWER INTERVAL OF THE TEST 
WELL AND OTHER WELLS IN THE SAME FIELD 
McElroy Ranch 
Co. M Well A Well B 
(8.75-in. bits) (77/g-in. bits) (8.75-in. bits) 
Interval: 8,910 to 10,310 ft 9,000 to 10,321 ft 8,941 to 10,373 ft 
2.3 chert bits 7 chert bits % chert bits — 
8 regular bits 9 regular bits 15 regular bits 


TABLE 11—TOTAL BITS USED FOR TEST WELL AND THE COMPARISON 
WELLS DRILLED IN THE SAME FIELD 
Well 
McElroy Ranch Co. M3 Well A Well B : 
(8.75-in. bits) (77/g-in. bits) (8.75-in. bits) 


5,170 to 10,321 ft 5,089 to 10,373 ft 
20 chert bits 20 chert bits 
10 regular bits 18 regular bits 


Interval: 5,194 to 10,310 ft 
Bit: 8.3 chert bits 
9 regular bits 
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GENERAL DISCUSSION OF LABORATORY 
AND FIELD TEST DATA 


The findings of both laboratory and field tests have 
resulted in what appears to be a new method for im- 
proving and controlling the lubricating properties of 
drilling fluids. This new method involves: (1) use of 
extreme pressure additives and (2) use of a lubricant 
tester to measure and control the extreme pressure 
lubricating qualities of muds. The technique reduces 
the wear on bit bearing surfaces subjected to high con- 
tact pressures during drilling. 

Some existing materials are satisfactory EP additives, 
but the work has resulted in the development of special 
additives for this purpose. The type of materials that 
have been found best suited, from the viewpoint of 
effectiveness and economics, are sulfurized materials 
such as sulfurized fatty oils, esters and the like. These 
materials have two limitations: they lose their effective- 
ness when the pH exceeds 10.5 or thereabouts and the 
load-carrying capacity tends to decrease with oil con- 
tents greater than 10 per cent by volume. However, 
there are several newly developed materials being 
investigated for use in overcoming these particular lim- 
itations in oil emulsion and water-base muds. Of major 
importance is the fact that the most widely used types 
of drilling fluids—water, moderate pH water-base and 
oil-emulsion muds—can be converted to extreme pres- 
sure lubricants. 

The conversion of water-base muds to extreme pres- 
sure lubricants can be accomplished by the use of 
additives that have been made water soluble or that 
can be emulsified. Because of the small quantities of 
additives employed, emulsification in muds which con- 
tain clay or mineral solids is not a problem since the 
solids in the mud are sufficient to emulsify the addi- 
tive. Where water is used as the circulating medium, 
the use of liquid emulsifiers is satisfactory. Non-ionic 
emulsifiers, such as ethylene oxide derivatives of nonyl- 
phenol, have been found to have the widest applica- 
tion because of their ability to stabilize the emulsions 
in the presence of calcium, magnesium and other 
contaminating ions. The use of concentrations of oil as 
low as 2 to 3 per cent is also helpful in preventing 
separation of the agents by calcium contamination. 

The reduction in torque obtained by using EP 
agents has been outstanding to the extent that in de- 
flected or other wells where high torque is a problem, 
use of the development may be well justified on this 
basis alone. In addition to the decreased bearing wear 
and decreased torque, other lubricating effects of sig- 
nificance were noted in field tests. Whenever a round 
trip was made, a thin but very evident protective film 
of grease was observed on the drill pipe and drill 
collars, This greasy material was also present in bit 
bearings. The same material is found on the cups and 
blocks of the lubricant tester after making a test. The 
formation of this coating on the pipe indicates that it 
is formed not only at the interfaces of rubbing metal 
surfaces, but is also formed at the interface between 
metal and mineral surfaces, This has been confirmed 
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by laboratory tests and explains the marked torque 
reductions noted in field tests. 

An examination of the surface of the packer rubber 
of a hook-wall packer used in making a pressure test 
of the intermediate casing showed that it, too, had a 
coating of material similar to that found on the drill 
pipe and tool joints. This coating, which was found on 
the packer rubber, must have been removed from the 
intermediate casing. The lubricant film formation is 
believed to be a strong indication that drill pipe, drill 
collar, rubber protection and casing wear are reduced. 

It is also felt that as a result of the protection 
afforded to the bit bearing surfaces under high load 
conditions with EP muds, the use of higher drill bit 
weights to obtain greater drilling economies is possible. 


CONCLUSIONS 


1. It is possible to establish and control extreme 
pressure lubricating qualities in oil-emulsion and water- 
base drilling muds by the addition of extreme pressure 
additives. 

2. Bearing wear is reduced by using drilling fluids 
having extreme pressure lubricating qualities. 

3. Drilling torque and hole friction are reduced by 
using drilling fluids having extreme pressure lubricat- 
ing qualities. 

4. The lubricant tester used or other devices similar 
in principle can be used to measure and thereby enable 
control of the extreme pressure qualities of oil well 
drilling fluids. 

5. In order to obtain the greatest benefits from 
extreme pressure lubricating fluids, it will be necessary 
to improve the wearing qualities of the teeth on the 
cones of the bits. 


NEE RIE G 


In addition to the matter in the referenced patents, 
other developments described herein are believed to be 
patentable, and Gulf Oil Corp. is seeking patent pro- 
tection on them. Licenses have been granted to service 
companies for use of the materials and methods. 
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Streaming Potential Phenomena in SP Log Interpretation 
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ABST RAC T 


Laboratory data for 155 field muds and 77 shales 
have been used to develop correlations to estimate the 
net streaming potential component of the SP. Analysis 
of these data and comparison with field tests show that 
streaming potential corrections must be made to obtain 
an accurate estimate of the electrochemical potential 
for use in the determination of formation water resis- 
tiviy. 


ROD UC ETON 


The self-potential curve is related to formation water 
resistivity, and considerable effort within the oil indus- 
try has been directed toward clarifying this relationship. 
The Schlumbergers and Leonardon*”’ recognized that 
two types of potentials, electrochemical and electro- 
kinetic, resulted in the net potential variation in the 
borehole. Most of the later papers have dealt with the 
electrochemical component and its controlling param- 
eters. 

The investigations of Wyllie,’ Salisch* and Moore’ 
provide the most extensive sources of data on streaming 
potentials across mud cakes. These authors observed 
streaming potentials of sufficient magnitude to be of 
critical importance in SP interpretation, if it is assumed 
that streaming potentials develop only opposite per- 
meable beds. 

Streaming potentials across shales have been reported 
by Schenck® and by Gondouin, et al.’ Since SP magni- 
tude is the difference in potential opposite shale and 
sand beds, these authors suggested that the net stream- 
ing potential component may be negligible. 

The present investigation was initiated to evaluate 
empirically some of the parameters controlling the 
magnitude of the net borehole streaming potential and 
to determine whether useful relations between mud 
properties and net streaming potential could be estab- 
lished. 


AND APPARATUS 


Mup PROPERTIES 

Field muds were used in this investigation. These 
muds were characterized by the amount and type of 
chemical treatment utilized for five days before sam- 
pling. Filter loss, mud resistivity, mud density and fil- 
trate resistivity were determined for each mud with 
conventional methods and apparatus. Mud filtrate pH 
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was estimated with Hydrion pH paper for the appropri- 
ate range. 


STREAMING POTENTIALS ACRoss Mup CaKEs 


Commercial calomel-saturated KC1 electrodes are 
subject to potential changes attributed to contamination 
of the very small fiber-tip bridge by particles of clay 
from the drilling mud.’ To minimize this difficulty, a 
large diameter bridge (Fig. 1) was constructed with 
saturated KCl-agar gel and a filter disc of microporous 
porcelain. Experiments showed that streaming potentials 
across this bridge are less than 0.2 mv at pressure dif- 
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ferentials of 2,000 psi. The bridge functioned satisfac- 
torily for 150 hours at pressure differentials of 500 psi. 
During these long-time experiments, slight contamina- 
tion of the mud with KC1 did occur. In normal experi- 
ments with muds, contamination was not appreciable. 
Commercial fiber-tip electrodes were used in experi- 
ments with clear solutions. 

After the cell (Fig. 1) was assembled, an initial 
potential, E,, was read with a Beckman ultrohmeter 
and recorded. Oil pressure of 50 psi was applied and 
was maintained until an essentially constant potential 
was obtained. The pressure was increased to 100, 300, 
500, 750 and 1,000 psi and, for a few samples, to 
1,500 and 2,000 psi; sufficient time was allowed at each 
pressure for the potential to become approximately con- 
stant. For each pressure differential, the final potential 
minus the initial potential, E,, was taken as the stream- 
ing potential, E,. 


STREAMING POTENTIALS ACROSS CORES 


Most experiments with cores were conducted with 
the cell shown in Fig. 1 and with the cores mounted in 
Lucite. Some measurements were made on shales under 
overburden pressure. These samples were mounted in 
thin-wall tygon tubing, and overburden pressure was 
applied with the cell shown in Fig. 2. In all experi- 
ments with cores, repeat runs were made until repro- 
ducible potentials were obtained. 


DISCUSSION AND PRESENTATION OF DATA 
EFFECT OF FILTER MEDIA ON STREAMING POTENTIALS 
PERMEABLE BEDS 


Previous investigations have shown that filter media 
having high permeabilities do not affect the magnitude 
of streaming potentials obtained with muds. This indi- 
cates that essentially all the pressure drop occurs in 
the mud cake. Experiments were conducted to investi- 
gate the effects of filter beds having very low permeabil- 
ities on streaming potential magnitude. 

Low-permeability Gallup sandstones were equilibra- 
ted with a clear sodium chloride solution (1.50 ohm-m 
at 77°F). Streaming potential data were linear with 
pressure differential. Streaming potential, brine per- 
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meability, electrochemical potential and 5 (shaliness 
parameter of Hill and Milburn® are presented in Table 
1. These data illustrate that increasing shaliness of the 
filter medium results in decreasing streaming potential. 

To obtain a comparison between data for noncom- 
pressible and compressible filter media, two Gallup 
sand samples and a permeable, inert, porous porcelain 
disc were used with a simple sodium bentonite mud 
in the streaming potential cell. Data are presented in 
Figs. 3 and 4. Data obtained with the clay slurry and 
Sample No. 1 followed the line obtained for pure so- 
dium chloride solution up to a pressure differential of 
about 100 psi. At differentials higher than 100 psi, 
there was indication of mud-cake formation, but an ap- 
preciable part of the pressure differential appeared to 
be across the core. At the end of the run, this sample 
showed traces of uncompacted cake. Fig. 4 shows that 
increasing pressure differentials are required as filter- 
bed permeability decreases before evidence of mud-cake 
formation is reflected in the streaming potential meas- 
urement. No mud cake could be detected on this core 
at the conclusion of the experiment. 


SHALE 


Although the data in Table 1 show that the streaming 
potential across incompressible filter media decreases 
with increasing shaliness and may approach zero for 
a perfect membrane, it is the authors’ opinion that 
most in situ shales do not act as perfect membranes.* 
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TABLE 1—ELECTROKINETIC PROPERTIES OF GALLUP SANDSTONE CORES 


Sample Permeability Ex* 
No. md b my/1000 psi my 

1 0.024 = 0.015 177 == (6.5 

2 0.008 — 0.040 11 +16.5 

3 0.014 — 0.053 76.5 + 14.0 

4 0.021 — 0.090 49.7 + 28.5 

5 <0.001 20.6 

6 <0.001 17.0 + 65.5 


*Streaming solution is 1.5 ohm-m (77°F) NaCl 
**Electrochemical potential for 1.5 and 0.04 ohm-m (77°F) NaCl solu- 
tions. Perfect membrane potential = 124 my (77°F). 


It can therefore be expected that streaming potentials 
will be obtained across shales. 

In agreement with the results of Schenck® and of 
Gondouin, ef al.," typical graphs-of our data show that, 
for most samples, shale streaming potential is a linear 
function of pressure differential. Some samples did not 
give linear behavior but exhibited a gradual decrease 
in dE,/dAP at higher pressure differentials. Contact 
with the streaming solution caused considerable swell- 
ing of the clays in these samples, and the decrease in 
dE,,/dAP may have been a result of compaction effects 
similar to those observed with mud cakes. The value 
of E, at 1,000 psi pressure differential has been taken 
as the streaming potential for these samples. 

Table 2 presents streaming potential data for shales 
with sodium chloride solutions. For solution resistivities 
above 0.10 ohm-m, the streaming potential is almost 
constant at an average value of about 13 mv/1,000 
psid. A small streaming potential was observed when 
the equilibrium solution was saturated with sodium 
chloride. This is probably an effect of water transfer 
rather than of a gross movement of saturated salt 
solution. 

Approximately 65 additional shale samples having a 
wide geographical and geological distribution were used 
for experiments with various field muds, mud filtrates 
and sodium chloride solutions. Solution resistivities 
varied from 0.04 to 10.0 ohm-m (77°F). In most cases, 
flow was perpendicular to the bedding plane, but experi- 
ments were conducted with flow parallel to the bedding 
plane for 16 samples. Data from these experiments 
showed no major effects of ions such as calcium, phos- 
phate, or the various organic thinners commenly used 
in field muds. Streaming potentials varied from 4 to 
24 mv/1,000 psid. Those samples that gave streaming 
potentials in excess of 15 mv had undergone swelling 
during the equilibration period and were in an obvious 
state of disintegration. As expected, no evidence of mud 


cake was found for any experiments with drilling muds. 

As laboratory conditions allowed samples to swell, 
resulting in abnormally high streaming potentials, tests 
were made with shales under simulated overburden con- 
ditions. Experiments with samples which swelled per- 
ceptibly were unsuccessful and resulted in intrusion of 
shale into the pores of the restraining discs. Further 
experiments were conducted with shales which did not 
swell perceptibly. Because of the time required to obtain 
equilibrium with each new solution, only two samples 
were run (Table 3). These data, however, illustrate the 
importance of overburden pressure in determining shale 
streaming potential. 

Fig. 5 presents an average of the shale streaming po- 
tential data as a function of solution resistivity. The 
two overburden pressure experiments show a decrease 
of about 15 per cent in £,/1,000 psi pressure differ- 
ential at overburden pressures equivalent to a depth 
of burial of 10,000 ft. It seems reasonable, therefore, 
to estimate that for muds having filtrate resistivities in 
excess of 0.10 ohm-m at 77°F, most in situ shales will 
show a streaming potential of about 10 mv/1,000 psid. 
This figure is in agreement with field experimental data. 


SUMMARY 


1. Streaming potential for low-compressibility filter 
media is a linear function of pressure differential. 

2. The presence of clay minerals in the filter me- 
dium, for a given electrolyte solution, decreases the 
streaming potential at a given pressure differential. 

3. Streaming potentials across mud cakes normally 
are not linear functions of pressure differential but tend 
to show a decreasing slope as pressure differential in- 
creases. 

4. When mud cakes are deposited on filter beds hav- 
ing permeabilities considerably higher than the mud- 
cake permeability, normal “mud-cake” streaming po- 
tentials are observed. 

5. When mud cakes are deposited on filter beds hav- 
ing low permeabilities (0.1 md and lower), part of the 
pressure drop is in the filter bed, and the resulting 
streaming potential is between that for the filter bed 
and that for the mud cake. 

With these generalizations in mind, conditions which 
may result in abnormally high or low streaming poten- 
tials can be recognized. For example, a shaly, low-per- 
meability filter bed can result in an abnormally low 


TABLE 2—STREAMING POTENTIAL OF SHALES WITH VARIOUS SODIUM CHLORIDE SOLUTIONS 


Sample Depth 

No. Geologic Age ft State 
1 Cretaceous 4,485 Colorado 
2 Pennsylvanian 4,155 Oklahoma 
3 Cretaceous 10,870 Mississippi 
4 Pennsylvanian 5,985 Utah 
5 Tertiary 12,000 California 
6 Tertiary 9,050 Texas 
fis Pennsylvanian 10,833 New Mexico 
8 Cretaceous 10,870 Mississippi 
9 Pennsylvanian 9,820 Texas 

10 Tertiary 10,900 Texas 

11 Pennsylvanian 4,155 Oklahoma 


*Parallel to bedding plane 


Streaming Potential (mv) at 1,000 psi Pressure Differential and Solution 


Resistivity (ohm-m at 77°F) of 


0.050 0.075 0.150 1.0 5.0 
6.8 8.4 11.0 13.9 
6.2 ee 12.0 17.0 
6.8 8.4 11.0 12.1 
6.9 9.4 

6.7 8.0 8.3 8.7 
7.0 7.6 10.0 10.3 
6.4 7.4 8.5 9.4 
6.5 7.4 8.8 

10.4 10.8 

7.6 8.4 

13.5 16.0 


TABLE 3—-THE EFFECT OF OVERBURDEN PRESSURE ON SHALE STREAMING POTENTIAL 


Streaming Potential, mv/1,000 psi at Solution Resistivity 


| (ohm-m at 77°F) of 
No. 0.040 0.050. 0.075 0.15 1.5) 10.0 
1000 3.3 19.0 10.6 11.0 
2500 4.2 g.4 9.6 10.3 10.5 
76 5000 4.2 8.0 9.1 9.8 10.0 
76 7000 4.2 7.8 8.5 9.2 9.5 
77** 1000 44 6.6 9.0 10.2 11.8 
77 2500 4.4 6.5 8.6 9.7 10.8 
77 50U0 4.6 6.3 8.3 9.3 9. 
77 7000 4.6 6.2 8.1 8.5 8.9 


*Cretaceous age, 10,920 ft, Mississippi 
**Tertiary age, 9,655 ft, Texas 
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streaming potential. Conversely, a low-permeability fil- 
ter bed containing a negligible amount of shaly material 
can result in an abnormally high streaming potential. 


STREAMING POTENTIALS Across MupD CAKES 


Data from some of the 155 field muds used in the 
current investigation can be expressed by the equation 
of Wyllie:° 

Departures from Eq. 1 were found in the low-pressure 
range, and useful correlations between the constants K 
and y and the measured mud properties could not be 
found. Data for pressure differentials above 300 psi 
usually formed a very good straight line on log-log 
paper, and Eq. 1 may be of practical value for extrapo- 
lating streaming potential data to pressure differentials 
in excess of 1,000 psi. 

Each mud sample was classified into one of the fol- 
lowing groups: 

Description 
Drilling-clay slurries, no chemical treatment 
Phosphate muds, caustic organic-thinner treatment, pH = 9 or less 
Hi-lime muds, pH = 12 or higher 
Low-lime muds, pH = 12 or less 
Caustic organic-thinner muds, no pH restriction 
Gyp muds 


Soda-ash muds, caustic organic-thinner treatment 
Salt-gel muds 


=< 
me] 


Reasonable trends between E, at any specific pressure 
differential and mud resistivity at 77°F were obtained 
when muds of the same type were considered. These 
correlations provide a basis for estimating mud-cake 
streaming potential when the type of mud treatment is 
known. 


TYPE 1 (FIG. 6) 


This correlation includes data for laboratory muds 
and a few surface muds. Few field muds can be ex- 
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pected in this classification. Surface muds mixed from 
water and clay appear to follow the correlation, but 
muds made by drilling with water may result in high 
potentials unless the surface shales are high-yield clay. 


TYPE 2 (FIG. 6) 


As phosphate treatment is usually accompanied by 
varying amounts and types of organic-thinner treatment, 
this group is the most heterogeneous of all classifica- 
tions. Ten of the muds in this group contained various 
types of lost circulation materials. Large particle-size 
materials, such as flake or cottonseed hulls, cause low 
streaming potentials, and ground walnut shells cause 
high potentials. Mica does not appreciably alter the 
streaming potential behavior. Samples containing starch 
or cmc give higher than average streaming potentials. 
Muds having filter losses in excess of 12 cc/30 minutes 
also depart from average behavior. 


TYPE 3 (FIG. 7) 


Hi-lime and low-lime muds have different streaming 
potential. The presence of lost circulation material is 
common in lime-base muds and apparently does not re- 
strict the utility of the E, — R,, correlations. 


TYPE 4 (FIG. 8) 


This classification includes all caustic organic-thin- 
ner muds which do not contain other chemicals used 
as a basis for grouping. Lost circulation materials, high 
filter loss, and poor plastering properties result in de- 
parture from the average trends. 


TYPE 5 


Five gyp muds showed linear E, behavior with pres- 
sure differential. All had resistivities between 1.5 and 
2.0 ohm-m at 77°F, and an average E, of 18 mv/1,000 
psi would predict the behavior of these muds to within 
+3 mv at 1,000 psi. 


TYPE 6 (FIG. 8) 


Thirteen soda-ash muds were tested. Five contained 
lost circulation material, and one had an excessively 
high filter loss. These six samples departed from ay- 
erage trends. 


TYPE 7 


Five salt-gel muds were tested. Four had resistivities 
below 0.10 ohm-m at 77°F, and negligible streaming 
potentials were obtained. One mud with a resistivity of 
0.83 ohm-m gave a streaming potential of 10 mv/1,000 
psid. 
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SUMMARY 


Mud-cake streaming potential correlations can be 
useful in interpreting the SP curve. If accurate esti- 
mates of streaming potential are to be obtained, how- 
ever, care must be exercised in classifying the mud 
treatment and in evaluating the possible effects of lost 
circulation materials, poor plastering properties, high 
quantities of starch and excessively high filter loss. 


COMPARISON OF BOREHOLE AND LABORATORY DATA 


An SP of 65 to 170 mv is shown by the electric log 
(Fig. 9) opposite a porous, volcanic, welded tuff sec- 
tion. The electrochemical potential estimated from 
known formation water resistivity is 54 mv. The net 
streaming potential, therefore, varies from 11 to 116 
mv. Fig. 10 presents streaming potentials meas- 
ured in the laboratory with field mud and cores from 
this interval. These data show streaming potentials 
ranging from 22 to 92 mv for the estimated 700-psi 
pressure differential in the wellbore. The minimum 11 
mv in the borehole vs the laboratory-measured 22 mv 
can be rationalized on the basis of 11 my streaming 
potential across the shales in this well. The maximum 
values represent an example of high borehole stream- 
ing potential due to low formation permeability. 
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An SPD survey on Well No. 2 in South Texas (Fig. 
11) gave a very slight increase in SP deflection for a 
zone at 8,150 ft and an increase of 7 mv at 2,700 ft 
for an increase in wellhead pressure of about 340 psig. 


For an increase from the initial pressure differential 
of 970 psi to 1,310 psi (lower section), laboratory 
streaming potential data predict an increase in E, of 6.7 
and 4.4 mv across porous bed and shale, respectively. 
The net increase in SP, therefore, should have been 
only about 2 my. A net borehole streaming potential 
of 24 mv existed at the initial pressure differential of 
970 psi. 

Shale samples were not obtained from the upper zone, 
but the porous-bed laboratory data would predict an 
SPD of about 9.5 mv for a normal pressure gradient. 
The difference between this value and the 7 mv value 
obtained during the SPD survey may be the streaming 
potential for a pressure differential of 340 psi across 
shales adjacent to this zone. 


Fig. 12 shows the SP for a well with pressures of 
zero and 600 psig applied to the wellhead. The abso- 
lute potential difference between the ground electrode 
and the down-the-hole electrode was recorded, and the 
absolute scale was placed on the log. Repeat runs of 
the SP at zero wellhead pressure indicated that no sus- 
tained electrode potential drift occurred during the ex- 
periment. The curve from the 600-psig-wellhead-pres- 
sure run was displaced in a negative direction from the 
zero-pressure run throughout the interval. This interval 
included appreciable shale where the shift is of the or- 
der of 4 to 6 my, or about 10 mv/1,000 psi pressure 
differential. Opposite the permeable beds, streaming po- 
tentials of 26 mv are observed. 

Fig. 12 also presents data obtained by positioning the 
electrode at each of four selected depths and then re- 
cording the change in potential as pressure was applied 
to the wellhead. The observed potential changes agree 
with the shift observed when the section was surveyed 
under pressure. 

These field experiments, together with laboratory 
data, lead to the conclusion that shale streaming poten- 
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tials are an important part of the net SP. Both field 
and laboratory data indicate, however, that the net 
or residual borehole streaming potential will frequently 
be of a significant magnitude. 


APPLICATION TO SP LOG INTERPRETATION 


The earlier work of Wyllie,” which showed only 
small changes of streaming potential with temperature 
for permeable beds, together with the close agreement 
between laboratory and field data presented in this 
paper, indicates the direct applicability of laboratory re- 
lations to borehole conditions. Specific application is 
as follows: (1) estimate pressure differential between 
borehole and formation, assuming, in the absence of 
other information, that the pressure in the shale is 
equal to that in the permeable bed, (2) estimate per- 
meable-bed streaming potential for the particular type 
of mud from Figs. 6, 7 or 8 and mud resistivity at 
77°F, and (3) estimate shale streaming potential from 
Fig. 5 and mud filtrate resistivity at 77°F. Appropriate 
corrections for bed thickness and resistivity should, of 
course, be considered. 


Empirical relations among streaming potential, mud 
resistivity and pressure differential for permeable beds 
and shales have been determined in the laboratory for 
various types of muds. The net streaming potential in 
a well is the algebraic difference between the permeable- 
bed and shale streaming potentials. The net streaming 
potential is of sufficient magnitude to be of critical im- 
portance in a majority of cases. This conclusion is con- 
firmed by field experiments, and an evaluation of the 
streaming potential correction is necessary to obtain 
accurate estimates of the electrochemical component 
Ofthes SP: 


Satisfactory use of the average relations requires 
careful classification of mud type and accurate know- 
ledge of the existing borehole pressure differential. 
If the mud treatment program and properties indicate 
that average relations cannot be expected to apply, or 
if greater accuracy is needed, it may be desirable 
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to determine experimentally the electrokinetic proper- 
ties of the specific mud. The methods and equipment 
described in this paper are suitable for routine labora- 
tory operations. The high-pressure salt bridge offers the 
singular advantage of allowing an experiment to be con- 
ducted with both electrodes outside the pressure vessel. 

The electrochemical component of the SP curve is 
related to formation water activity, or resistivity, and 
is an important parameter in the various methods of 
shaly sand interpretation. Increased accuracy in estima- 
tion of streaming potential corrections should result in 
increased applicability of SP data to formation evalua- 
tion by logging procedures. 
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The productivities of many hydrocarbon-bearing for- 
mations appear to be reduced during drilling, complet- 
ing and repairing operations. The reason for these oth- 
erwise unexplainable low productivities may be a drastic 
reduction of formation permeability immediately sur- 
rounding the borehole. A possible cause of the reduced 
permeability is swelling and dispersion of clays present 
in porous media when contacted by fresh water or mud 
filtrates. Hence, the invasion of fresh water or mud 
filtrate into hydrocarbon-bearing formations that con- 
tain clays may cause low productivities as a result of 
formation damage. 

Present laboratory investigations have yielded results 
which supplement existing literature on formation dam- 
age. An expanded-type clay, montmorillonite, was 
found in hydrocarbon-bearing formations not previously 
analyzed. When sand columns and formation cores con- 
taining montmorillonite were contacted by fresh water, 
their oil permeabilities were reduced. This reduction in 
oil permeability was restored partially but not com- 
pletely by a repair procedure, i.e., flooding with kero- 
sene containing organic agents or flooding with water 
containing electrolytes. Hence, where montmorillonite 
is present in formations, prevention of formation dam- 
age was indicated to be the only complete solution to the 
problem. To prevent formation damage, results sug- 
gested use of an approximately I per cent solution of 
calcium chloride or stronger solutions of sodium or 
potassium chloride. 


GENERAL NATURE OF PROBLEM 


In conventional rotary drilling operations the wall of 
the hole is exposed to drilling mud for days, weeks, and 
in some instances for as long as several months, Dur- 
ing this time, drilling mud filtrate seeps slowly into for- 
mations surrounding the hole. The permeability and 
stability of many formations, especially those contain- 
ing clayey materials, are impaired by the mud filtrate. 
Often interaction between the mud filtrate and the for- 
mation causes drilling and production difficulties. 
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FORMATION DAMAGE 


Serious reduction in productivity of oil and gas for- 
mations during drilling, completing and repairing wells 
has been noted often in recent years. Cases are known 
of development wells which produced only small vol- 
umes of fluid upon completion. However, after a period 
had elapsed, they began to produce oil or gas in com- 
mercial quantities. In other cases, results of drill-stem 
tests taken during the drilling of deep wells have indi- 
cated good production should be obtained from shallow 
formations. Later difficulty has been experienced in 
obtaining production from these shallow formations 
which had remained in contact with drilling muds for 
an extended time. In yet other cases wells have failed 
to attain the productivities expected from previous per- 
formance after the use of drilling mud as a circulating 
fluid during workover operations. 


It is evident from the field behavior cited that the 
productivities of certain oil- and gas-bearing formations 
have been damaged by exposure to drilling muds. This 
reduction in well productivity, called “formation dam- 
age’, causes serious consequences. In development 
wells, expensive remedial operations are incurred. In 
wildcat wells, good formations may appear to be mar- 
ginal or even non-productive. 


The importance of formation damage has been rec- 
ognized by a number of investigators** who have con- 
sidered the effects of fresh water, saline solutions and 
aqueous mud filtrates on the permeabilities of forma- 
tions. A general conclusion from such studies is that 
interaction between water and formation clays reduces 
permeability of reservoir rock and that the permeabil- 
ity decreases as Salinity of the water decreases. Data 
in these references, however, concern the permeability 
change with only a single fluid present. A more perti- 
nent and direct consideration in the production of oil 
and gas from wells is the permeability change when 
two fluids, oil and water, are present. Recognizing this, 
Nowak and Kreuger’ and Bertness”® considered sev- 
eral ways in which mud filtrates and saline solutions 
caused reductions in the oil permeability of formation 
cores. 

Investigations discussed here were designed to sup- 
plement information in the literature on changes in oil 


1References given at end of paper. 
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permeability of water-sensitive formations which may 
result from interaction of fresh water with clays. 


OTHER ASSOCIATED DIFFICULTIES 


In addition to loss of productivity caused by forma- 
tion damage, the swelling of clays may also lead to 
serious drilling and operational difficulties, Drilled cut- 
tings may disperse and cause undesirable solids to con- 
centrate in the mud system. An excessive volume of 
mud results because eventually water must be added to 
reduce the viscosity. In coring operations, it may be 
impossible to obtain satisfactory core recovery. En- 
largement of the borehole diameter in shaly sections 
may occur and leave interbedded, hard formation 
streaks unsupported. Later these unsupported streaks 
may fall into the borehole and interfere with pipe- 
handling operations. In severe cases the pipe may stick. 
When casing is cemented in an enlarged hole, an ex- 
tra volume of cement is needed, and success of the job 
is impaired. 

It is evident that many expensive operational prob- 
lems may occur because of shale instability. Several 
water-base muds which contain special additives have 
been developed to help alleviate shale problems.” ™ In- 
cluded in this paper are data on the swelling of clay 
in these mud compositions. Also included are data on 
other chemicals which are effective but are not used in 
muds presently available. 


PRESENT INVESTIGATIONS 


Present investigations were conducted to answer four 
practical questions: (1) Do interactions between clays 
and fresh water cause a significant and permanent re- 
duction in the oil permeability of hydrocarbon-bearing 
formations? (2) If oil permeability is damaged, can it 
be restored by chemical treatments? (3) Are water-base 
muds available which effectively combat problems of 
formation damage and shale instability? (4) If present 
muds are not effective, what chemical characteristics 
should be sought in new compositions? 


OCCURRENCE OF CLAYS IN HYDROCARBON- 
BEARING FORMATIONS 


To ascertain if loss of well productivity results from 
interaction between fresh water and formation clays, it 
is necessary to determine whether or not producing for- 
mations in which formation damage has been experi- 
enced actually contain water-sensitive clay minerals. 
Other investigators have reported analytical identifica- 
tion of clays from some producing formations. IlIlite 
with some kaolin and montmorillonite was found in the 
Bradford sand of Pennsylvania.” Three Wyoming sands 
contained kaolin, illite, and a clay of the mixed layer 
type." The Stevens zone of Paloma field in California 
was found to contain montmorillonite.” 

Although these literature references show that clays 
are found in hydrocarbon-bearing formations, they do 
not include certain formations of interest in which for- 
mation damage has been experienced. Cores from the 
Sub-Clarksville of East Texas, the Frio of Southwest 
Texas, the Cockfield of the Texas Gulf Coast, and the 
Grayberg of West Texas were tested for the presence 
of clay minerals. In this analysis procedure, a portion 
of a formation core was ground to pass a 40-mesh 
screen, and suspended in a 0.1 per cent solution of Cal- 
gon. After standing overnight the sample was resus- 
pended and allowed to settle 10 minutes before a glass 
slide was placed on the settled surface at the bottom 


210 


of the container. The fines, which were still in suspen- 
sion, were allowed to fall on the slide. After the slide 
was removed, the settled layer was dried at room tem- 
perature and analyzed using X-ray diffraction tech- 
niques similar to those described by Brindley.” ; 

Kaolin and illite were found in all four formations, 
and montmorillonite was found in the Sub-Clarksville, 
the Frio and the Cockfield. These findings indicated 
that interaction between fresh water and the reservoir 
rock was a possible cause of the loss of productivity. 
Accordingly, further experiments were made to study 
the nature of interactions between fresh water and the 
three types of clay found in these formations. 


OIL PERMEABILITY REDUCTION CAUSED BY 
CONTACT OF CLAYS WITH FRESH WATER 


FLOODING EXPERIMENTS WITH PACKED COLUMNS 
OF SAND-CLAY MIXTURES 

Fluid flow measurements were made on sand-clay 
columns and field cores. Test procedures and results are 
discussed below. 


EXPERIMENTAL PROCEDURE 


A crushed quartz with an average particle size of 
1.5 microns and a maximum particle size of 10 microns 
was mixed separately with three API standard clay min- 
erals, kaolin, illite and montmorillonite. Each batch 
contained 5 per cent by weight of one clay mineral 
and was blended for a minimum of two hours to in- 
sure uniform mixing. Special care was exercised in 
packing each mixture in a Lucite column, 4-in. long 
and 25/64 in. in diameter. The tube was held upright, 
a vacuum pump was connected to the bottom of the 
tube, a cotton plug was placed at the lower end of the 
tube, and the quartz-clay mixture was added. The tube 
was then tapped on the outside until no more settling 
was observed. Another cotton plug was placed in the 
top of the tube, and a special flow head inserted. The 
column was weighed, connected to the flow lines and 
flushed with carbon dioxide gas to remove air pres- 
ent in the pore spaces. 

The column was flooded with a sodium chloride so- 
lution and reweighed to obtain data for determination 
of pore volume. Then the column was flooded with 
kerosene, distilled water and finally kerosene. In the 
column containing montmorillonite, the second kero- 
sene flood was followed by another sodium chloride 
flood and then by another kerosene flood. The fluids 
emerging from the outflow end of the column were 
fed into a water-oil separator, and the flow rate 
was measured when the effluent from the column 
was essentially the invading fluid. From the measured 
flow rate, permeability of the column to the invad- 
ing fluid was calculated. The aqueous phase saturation, 
after each flood, was calculated from a volumetric bal- 
ance of invaded, resident and produced fluids. Here- 
after, the aqueous phase saturation (expressed as per 
cent of pore volume) obtained at the end of each 
kerosene flood is referred to as the “terminal satura- 
tion”. Checks were made to assure that the fluid flow 
experiments were made at sufficiently high driving pres- 
sures to make negligible the influence of boundary ef- 
fects on calculated permeabilities.” 


RESULTS 


Results of these experiments, presented in Eocene 
show that there was no appreciable reduction in oil 
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permeability at the terminal fresh water saturation over 
that obtained at the corresponding terminal salt water 
saturation for the 100 per cent quartz column, the 95 
per cent quartz —5 per cent kaolin column, and the 
95 per cent quartz —5 per cent illite column. In the 
column containing 95 per cent quartz and 5 per cent 
montmorillonite, however, the oil permeability at the 
terminal fresh water saturation was reduced to about 
1/70th that at the terminal salt water saturation. A 
subsequent flood with a sodium chloride solution (2N) 
followed by a kerosene flood increased the oil per- 
meability to about one-tenth that prior to contact with 
fresh water. 


FLOODING EXPERIMENTS WITH 
CONSOLIDATED CORES 


The results of the experiments with packed columns 
are, from the standpoint of field behavior, meaningful 
only if the clays behave in the same manner when in- 
corporated in the matrix of consolidated reservoir rock. 
In order to investigate behavior of actual reservoir 
materials, several core samples of formations which 
contained clays were studied. 

Results obtained with two cores from the Sub-Clarks- 
ville formation in East Texas were typical. These sam- 
ples were taken from two wells, one at a depth of 
4,538 ft, and the other at 4,578 ft. 


EXPERIMENTAL PROCEDURE 


A portion of each core was weighed, crushed to 
grain size, dispersed in water and allowed to settle. The 
dry weight of the portion of the suspension containing 
particles smaller than one micron was then determined. 


Vor 


This was taken to be the total clay fraction of the core 
to determine weight percentages of clay present. 

A cylindrical plug from each core sample was then 
subjected to the same sequential flooding procedure 
used for the sand-clay columns. Upon completion of 
the flow experiments, the plug was dried and crushed 
to grain size. The clays were dispersed in water. Sam- 
ples of this suspension were placed on glass slides and 
allowed to dry. After preparatory treatments, the result- 
ing clay film was analyzed by X-ray diffraction tech- 
niques. The peak heights of the basal spacing reflec- 
tions on the X-ray tracings were assumed to be a meas- 
ure of the relative abundance of each clay mineral pres- 
ent in the clay fraction. 


RESULTS 


Results with consolidated field cores are shown in Fig. 
2. For each core the oil permeability at the terminal 
fresh water saturation was lower than the oil permeabil- 
ity at the terminal salt water saturation. After a subse- 
quent flood with salt water, the oil permeability was 
increased. This behavior was similar to that observed 
in the quartz-montmorillonite column. 

The X-ray analysis showed that both cores contained 
about the same amount of montmorillonite — roughly 
about 0.5 per cent — but the first core contained 3 per 
cent kaolin as compared to 14 per cent kaolin for the 
other core. Both cores also contained a small amount 
of illite. 

A comparison of the permeability behavior of the two 
cores upon flooding showed that the amount of oil per- 
meability damage caused by the fresh water was some- 
what greater for the first core, which contained much 
less kaolin but only slightly more montmorillonite than 
did the other core. The results thus showed that large 
variations in the kaolin content are virtually without 
effect on the permeability behavior, which is in accord 
with results of experiments conducted with packed 
columns. 


REPAIR OF OIL PERMEABILITY DAMAGE 
CAUSED BY FRESH WATER 


Results of experiments with both packed columns 
and consolidated cores showed that oil permeability 
damage caused by fresh water could be partially re- 
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paired by a subsequent flood with a sodium chloride 
solution. Norrish has shown that basal spacing of 
montmorillonite varies when saturated with different 
cations. Therefore, different ions might effect varying 
amounts of permeability repair. 

Also, there may be times when it is not desirable to 
inject a water-base fluid into an oil-bearing sand. In 
such cases it would be advantageous to have an oil- 
soluble material which could repair permeability dam- 
age. A number of oil-soluble materials, which were 
designed to repair formation damage, have been intro- 
duced by oilfield service companies. They usually con- 
tain such types of compounds as amines, alcohols, 
fatty acids and/or nitriles. These types of compounds 
can form complexes with montmorillonite.” 


A series of experiments were performed to determine 
the effectiveness of several electrolyte solutions and 
several oil-soluble materials in repairing permeability 
damage. 


EXPERIMENTAL PROCEDURE 


Lucite columns were packed with a mixture of 95 
per cent powdered quartz and 5 per cent montmorillo- 
nite. These columns were flooded with evacuated fluids 
in the following sequence: (1) 2N sodium chloride, 
(2) kerosene, (3) distilled water, (4) kerosene, (5) 
the fluid under test as a repair agent, and (6) kero- 
sene. The change in kerosene permeability between 
flood (2) and flood (4) was used as a measure of the 
degree of damage caused by the fresh water, and 
changes in kerosene permeability between floods (2), 
(4) and (6) were used as measures of effectiveness 
of the agent under test in repairing the permeability 
damage. 


RESULTS 


Results of these experiments are shown in Table 1. 
In all tests, drastic decreases in oil permeability oc- 
curred after the columns were flooded with fresh 
water. These decreases in permeability were accom- 
panied by significant increases in the terminal aqueous 
saturations. 


All electrolytes tested increased the permeability to 
oil of the columns after damage with fresh water. 
However, none of the electrolytes was able to restore 
the oil permeability to the value it had before damage 
with fresh water. Furthermore, although there were 
variations in the degree of repair effected by the 
various electrolytes, there were even more striking 
variations in the degree of damage among the different 
experiments, This variation in damage was probably due 
to variations in distribution of clay or of fluids within 
the columns, Results indicate that the amount of repair 


effected by the electrolyte solution depended more upon 
degree of damage of the column than upon which 
cation was present. The best repair results were ob- 
tained in the columns which were damaged most by 
fresh water. 

The same general behavior was noted in the experi- 
ments using oil-soluble materials. The repaired oil 
permeabilities are only a fraction of the original oil 
permeabilities although the repaired oil permeabilities 
are two to three times greater than the oil permeabili- 
ties at the terminal fresh water saturations. In general, 
these organic chemicals dissolved in kerosene are no 
more effective than the aqueous electrolytes in repair- 
ing permeability damage. 


CONCLUSION REGARDING CHEMICAL TREATMENT 
FOR REPAIR OF OIL PERMEABILITY DAMAGE 

Since oil permeability which has been damaged by 
fresh water can be only partially restored by chemical 
treatments, it may be advantageous in many cases to 
take every precaution to prevent fresh water from 
coming in contact with the formation during drilling 
and completing operations. In other words, preventive 
measures may offer a more logical approach to solu- 
tion of the problem than use of repair agents to try 
to restore oil permeability. This reasoning seems appli- 
cable especially in low-permeability, shaly sands which 
are likely to be damaged most drastically by fresh 
water. Before investigations on prevention of forma- 
tion damage are discussed, an hypothesis and support- 
ing experimental evidence are presented to explain 
the mechanism of permeability damage and repair. 


MECHANISM OF PERMEABILITY 
DAMAGE AND REPAIR 


All clays can adsorb water molecules on the surfaces 
and edges of individual particles, and in addition, the 
expanding clays such as montmorillonite can hold a 
large amount of water between the platelets.” In salt 
solutions the amount of water adsorbed on the clay 
surface is less than in distilled water, and the lattice 
expansion and physical swelling of montmorillonite 
is restricted.” 

One experiment was designed to follow the varia- 
tions in lattice spacing of the montmorillonite during 
the flooding procedure, and another experiment was 
designed to follow the changes in bulk volume during 
the flooding procedure. To follow the changes in lat- 
tice spacing, a sample of API standard montmorillo- 
nite (H-26) was placed in a special holder and flooded 
with fluids in the same sequence used in the previous 
experiments. After each fluid was passed through the 


TABLE 1—EFFECTIVENESS OF SEVERAL SOLUTIONS IN REPAIRING PERMEABILITY DAMAGE}? 
Kerosene Permeability, k, at Indicated Terminal Saturation, Sw, of Specified Fluid 


2-N NaCl (Flood 2) Fresh water (Flood 4) Test fluid (Flood 6) Piet Te Repair Indices 
Test Fluid ko, md Sw ka, md Sw% ke, md Sw% ka/k2 * 100 ke/k2 * 100 ke/ks * 100 
2-N NaCl 9.6 37.6 0.14 57.3 0.9 59.8 1.5 9.4 645 
2-N KCl 10.4 38.5 0.22 55.5 49.7 10.5 546 
2-N CaCle 7.8 30.5 0.77 61.7 2.0 61.5 9.9 25.6 260 
2-N MgCle 12.9 35.4 1.33 48.5 48.5 10.3 95 
2-N AICl13 TZ 33.8 0.51 54.0 1.74 53.8 3.0 10.1 342 
2-N HCl 12.0 18.4 0.33 47.5 L323 38.2 2.8 TOiZ 373 
2 per cent of commercial repair 11.0 21.0 0.37 45.3 1212 40.3 3.4 10.2 303 
agent A? in kerosene i 
Saturated with commercial repair 10.6 24.1 0.52 46.7 (hash? 41.7 4.9 1a 268 
agent B® in kerosene 
2 per cent cetyl alcohol in kerosene 9.2 25.4 0.40 44.0 1.39 42.5 4.4 PS 348 
2 per cent cetyldimethy! amine 14.8 23.2 1.41 38.4 2.46 37.4 9.5 16.6 174 
in kerosene 
5 per cent of a mixture of N- 12.9 33.4 0.62 S23) 1.99 46.2 4.8 15.4 S22 


alkyl amines in kerosene 


7All tests were made in packed columns containing a mixture of 95 per cent powdered quartz and 5 per cent montmorillonite. 
“Agent A is a mixture of amine-neutralized anionic surfactants and nonionic surfactants in a hydrocarbon base. 


‘Agent B is a polyoxyethylene sorbitol oleate. 
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vlay bed, the sample holder was removed and an X-ray 
diffraction analysis was made of the clay. Results 
of these determinations showed that the montmorillo- 
nite, after the initial sodium chloride flood, had a 
basal inter-platelet spacing of 15.5 angstroms. Spacing 
remained the same upon flooding with kerosene, After 
a fresh water flood, X-ray diffraction analysis showed 
a diffuse band and no regular basal spacing. This indi- 
cated that the individual platelets were widely and 
randomly separated. A subsequent flood with kerosene 
did not appreciably reduce the platelet spacing. A 
second flood with sodium chloride solution reduced 
inter-platelet spacing to 15.8 dngstroms, only slightly 
greater than its original value. 

Qualitative observation of the volume changes during 
these flooding procedures indicated that the bulk vol- 
ume after the second sodium chloride flood was greater 
than the original value. To get a more precise measure 
of this change in bulk volume, a short column of 
montmorillonite was packed in a 1/16-in. diameter 
tube. This montmorillonite column was unconfined 
at its upper end. Fluids in the same sequence were 
forced through the short column of montmorillonite, 
and changes in the length of the column were measured 
by use of a telescope equipped with a calibrated eye- 
piece. These results showed that the montmorillonite, 
when contacted by fresh water swelled to at least four 
times the volume it originally had in salt water, and 
that the subsequent contact with salt water only de- 
creased bulk volume to slightly more than half of its 
swollen value. Final bulk volume of the montmorillo- 
nite was thus almost twice as great as its original 
volume. 


These data indicate that electrolyte solutions are 
unable to restore completely the original oil per- 
meability to the columns, not because electrolytes are 
unable to shrink the interplatelet spacing of mont- 
morillonite but because they are unable to realign all 
individual particles into as small a volume as the 
particies originally occupied. These results further indi- 
cate that although the permeability damage caused by 
fresh water could be partially repaired, it could not 
be totally repaired. In reservoirs where such damage 
might be expected, it is apparent that it would be much 
better to prevent fresh water from contacting the for- 
mation than to attempt to repair the damage which 
fresh water causes. 


SEARCH FOR AGENTS TO PREVENT 
FORMATION DAMAGE 


Montmorillonite-containing systems were selected for 
evaluation of damage preventive agents. Aqueous solu- 
tions of mud additives, electrolytes and organic chem- 
icals were tested. 


SCREENING TESTS 


Because the fluid flow test to evaluate effect of 
chemical solutions on permeability is elaborate and 
time consuming, a swelling test with montmorillonite 
was used to screen chemicals for their ability to prevent 
reductions in permeability. This test was selected for 
two reasons. First, it is simple and rapid. Second, data 
discussed previously show that permeability damage is 
more directly related to interactions between individual 
particles of montmorillonite than to inter-platelet 
changes. Furthermore, Nowak and Krueger’ found that 
after formation cores containing montmorillonite were 
contacted with mud filtrates, percentage recovery of 
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original oil permeability is inversely proportional to 
the volume to which montmorillonite swells in the mud 
filtrates. 


PROCEDURE FOR SETTLING VOLUME TEST 


One gram of a commercial montmorillonite (a 
Wyoming bentonite) was placed in a test tube and 
immersed in 20 ml of test fluid. The tube was stop- 
pered and shaken until the clay was evenly suspended. 
The system was allowed to stand quiescent for a min- 
imum of 24 hours before the settled volume was 
measured. 


Settling volume tests were made with the supernatant 
fluid of several commercial mud agents and with 
aqueous solutions of both inorganic and organic elec- 
trolytes. 


RESULTS AND DISCUSSION OF 
SETTLING VOLUME TESTS 


The ability of commercial mud agents to repress 
clay swelling varied greatly. Although the muds were 
selected because their compositions have been con- 
trolled to prevent formation damage, to decrease mud- 
making and/or to stabilize the borehole, only the fluids 
from calcium formate mud and from a sodium silicate 
mud repressed the swelling of montmorillonite as effect- 
ively as 1 per cent calcium chloride. Although the for- 
mate and silicate muds were introduced several years 
ago, they have not found general acceptance in routine 
drilling. Mud properties are difficult to maintain in the 
formate mud, and the silicate mud is troublesome and 
expensive. 

The effectiveness of the electrolytes in repressing 
swelling depended primarily upon the concentration of 
the solution, the higher the electrolyte concentration 
the less clay swelling. At a cation concentration of 
about 5,000 ppm, calcium chloride and cupric tetram- 
mine chloride were the most effective materials tested. 


From these settling volume tests, six chemicals were 
selected for further evaluation by fluid flow measure- 
ments: cupric tetrammine chloride, two quaternary am- 
monium salts, a commercial amine acetate, sodium 
chloride and calcium chloride. 


AGENT EVALUATION BY FLUID 
FLOW MEASUREMENTS 


EXPERIMENTAL PROCEDURE 


Fluid flow measurements were made through columns 
containing sand and montmorillonite. The flooding pro- 
cedure followed was similar to that described previously 
in the section “Oil Permeability Reduction Caused by 
Clays and Fresh Water”. However, in the present 
experiments the following changes were made in the 
test column: (1) the dimensions of the Lucite column 
were 1.5 in. in diameter and 9 in. in length; (2) a wire 
screen was used against each head; and (3) the column 
was packed with a commercial grade of montmorillo- 
nite and Blackhawk sand. 

Blackhawk sand is a round grained sand with a 
grain-size distribution extending from larger than 20 
mesh to less than 325 mesh and an average particle 
size of about 120 mesh (125 microns). As received, 
it contained an estimated 2 per cent kaolin. To remove 
the kaolin, the sand was washed in a solution of 0.1 
per cent Calgon, rinsed, sedimented, and the fraction 
smaller than 4 microns removed. After the sand was 
cleaned, it was estimated to contain less than 0.2 per 
cent clay. 


TABLE 2—-COMPARISON OF THE EFFECTIVENESS OF FORMATION DAMAGE PREVENTATIVES? 


Kerosene Permeability, k, at Indicated Terminal Saturation, Sw, of Specified Fluid 


10% NaCl (Flood 2) Test fluid (Flood 4) Fresh water (Flood 6) Preventive indices 
Test fluid md ke, md Sw, ki/k2* 100 —ko/ks * 100 
Fresh water 670 34 25 74 = 13 
1 per cent Agent 1,120 28 48 68 
3.4 per cent Agent Y* 778 35 427 48 = ce ae is 
0.5 per cent Agent Z! 1,620 33 47 61 24 45 ae rhs 
2 per cent Agent Z' 1,490 28 247 33 _ 102 49 6. A 
1 per cent CaCl» 2,637 33 2397, 39 2,255 36 88 


JAIl tests were made in pucked columns containing a mixture of 95 per cent Blackhawk sand and 5 per cent montmorillonite. 
2Agent X is a mixture of 90 per cent dodecyl trimethyl ammonium chloride, 9 per cent tetradecyl and 1 per cent octadecyl compounds ( 


salts). 


’Agent Y is tetramethyl ammonium bromide (a quaternary ammonium salt). 


quaternary ammonium 


‘Agent Z is a mixture of primary amine acetates having the general formula RNHsCOOCHs, where R varies from 8 to 18 in even number increments. 


RESULTS AND DISCUSSION 


Table 2 shows the effect of fresh water on oil per- 
meability of the sand-montmorillonite column after a 
sodium chloride flood and summarizes key data ob- 
tained during the agent evaluation floods. The cupric 
tetrammine salt released ammonia gas during the fluid 
flow experiment, hence these results are not included in 
the table. Use of the mixture of primary amine acetates 
gave an improvement in the oil permeability compared 
to that obtained with fresh water, but improvement 
was marginal. Of the two quaternary ammonium salts 
tested, the tetramethyl ammonium bromide was the 
more promising. Much better results were obtained 
with calcium chloride. 

In Table 2 a comparative measure of the effective- 
ness of the agents in preventing formation damage 
is noted from a consideration of the next to last column. 
Here, it is seen that 1 per cent calcium chloride is by 
far the most effective agent for preventing permeability 
reduction. Furthermore, in the last column the data 
show that calcium chloride is effective also in prevent- 
ing subsequent damage by fresh water. 

Fig. 3 depicts the run in which calcium chloride 
was tested as a damage preventive agent. The terminal 
aqueous phase saturations at the end of each of the 
six kerosene floods were 36, 35, 39, 39, 36 and 56 
per cent, respectively. The terminal aqueous phase 
saturations at the end of the six aqueous floods were 
100, 84, 85, 87 and 86 per cent, respectively. 

Data in Fig. 3 demonstrate the influence of cation 
exchange on oil permeability of a system containing 
montmorillonite. For example, in the next to last 
kerosene flood where the calcium ion was adsorbed on 
the clay, even distilled water caused very little damage. 
It is possible that continued flushing with fresh water 
might slowly convert the calcium montmorillonite to 
hydrogen montmorillonite. But the important point is 
the resistance to damage demonstrated by these data. 
It is important to note, however, that ion exchange 
of sodium for calcium did occur during the floods. 
This is shown by the 1 per cent sodium chloride flood 
which produced damage subsequent to floods of 0.4 
per cent calcium chloride and distilled water. These 
data suggest use of a small amount of a soluble calcium 
salt in sodium chloride solutions to prevent complete 
reversion of calcium montmorillonite to sodium mont- 
morillonite. 


APPLICATION OF LABORATORY RESULTS 
TO FIELD PROBLEMS 


Experiments described here serve as a foundation 
for a better understanding of a significance of the 
swelling of clayey materials encountered in drilling 
and completing operations. These results show that the 
swelling of clays in contact with aqueous solutions 
depends on the kind and amount of electrolyte in solu- 
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tion as well as the type and amount of clay in the 
formation contacted. Oil permeability of hydrocarbon- 
bearing formations may be reduced by the action of 
mud filtrate on clays in the formations. The same action 
may cause sloughing of shaly formations during drill- 
ing operations. In addition, mechanical forces around 
the borehole may contribute to instability of the hole, 
but this aspect of the problem is beyond the scope 
of the present investigations. In the discussion which 
follows, an attempt is made to relate the observations 
from laboratory results to the specific field problems 
of formation damage, excessive mud-making and bore- 
hole instability. 


FORMATION DAMAGE 


Invasion of formations containing montmorillonite 
by fresh water causes a reduction in formation per- 
meability. Once formation damage of this type has 
occurred, the original permeability cannot be regained 
through remedial chemical treatments. Formation dam- 
age caused by interaction of fresh water with clays 
can be avoided, however, through use of preventive 
chemicals, For example, 1 per cent calcium chloride 
dissolved in water effectively prevents formation dam- 
age. Other electrolytes, such as sodium chloride and 
potassium chloride, are also effective, but they must be 
used in greater concentrations, 3 to 5 per cent, to 
obtain similar repression of clay swelling. Also, after 
montmorillonite has been contacted by sodium chloride, 
subsequent contact with fresh water causes swelling; 
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whereas, calcium montmorillonite remains unswollen in 
fresh water. 


EXCESSIVE Mup-MAKING 


In drilling many formations, drilled cuttings are dis- 
persed into the mud. In this way the solids content of 
the mud increases. To prevent excessive viscosity, the 
mud must eventually be diluted with water. This pro- 
cedure is expensive, especially with high-density muds. 

Use of muds containing sufficient electrolyte con- 
centration to repress clay swelling should reduce the 
softening and dispersion of formation chips and should 
allow better removal of the chips by the shale shaker. 
In dilute concentrations, caleium salts are indicated 
for use. In more concentrated solutions, potassium 
salts may be more effective. 


BOREHOLE INSTABILITY 


Several factors are apt to contribute to instability 
of the wall of a borehole. One may be softening by 
the mud filtrate. In severe cases, oil-base or silicate 
brine muds may be needed to prevent softening of 
shales. In other cases, good stability may be obtained 
with mud prepared with aqueous solutions of electro- 
lytes. Concentrated solutions of potassium chloride, 
sodium chloride, or calcium chloride should provide 
good shale stability. Even the more dilute solutions 
(1 to 3 per cent) may be effective in many areas. 


COMNGE US TONES 


1. Kaolin, illite and montmorillonite (individually 
or in combination) were found in several producing 
formations which suffer permeability reduction when 
contacted by fresh water. 

2. The oil permeability of a sand containing fresh 
water is appreciably less than that of the same sand 
containing salt water if an expanding-type clay, such 
as montmorillonite, is present. 

3. Aqueous solutions of electrolytes or oil solutions 
of various organic materials, such as amines or alco- 
hols, partially restore oil permeability of a sand dam- 
aged by fresh water. Field application of these chem- 
icals should give limited improvement when applied 
to sands containing an expanding-type clay which have 
been exposed to fresh water. 

4. Because the oil permeability can be only partially 
restored by chemical treatment, it may be advantageous 
in some cases to take every precaution to prevent fresh 
water from coming in contact with the formation 
during drilling and completing operations. This may 
be particularly important in shaly sands, the ones most 
likely to be damaged by fresh water. 

5. One per cent calcium chloride is effective in 
preventing formation damage caused by an interaction 
between clay and fresh water. 
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6. Most water-base muds in commercial use are not 
as effective in repressing clay swelling as in an aqueous 
solution containing 1 per cent calcium chloride. Re- 
pression of clay swelling can be obtained with sodium 
chloride and potassium chloride also, but with these 
salts a higher concentration is required than with 
calcium chloride. 
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Three Component Saturation in Porous Media by 
X-Ray Techniques 


A. D. K, LAIRD 
J. A. PUTNAM 
MEMBER AIME 


ROD ELON 


In laboratory research on the behavior of oil, gas 
and water in porous materials, no direct method has 
been devised to measure saturation without disturbing 
the flow. Indirect methods involving various forms of 
radiation have been developed for measuring one or 
two components. The X-ray absorption method for 
two components has been described previously’ The 
possibility of three component measurement has also 
been mentioned’. Since two component measurement 
still requires considerable care to insure accuracy, the 
fact that three components can be measured satisfac- 
torily is not generally appreciated. 


THEORY AND DEVELOPMENT 


The fraction of the energy of an X-ray beam of one 
wavelength transmitted through a material is given by 
the transmission factor, 

in which / is the beam’s path length through the fluid, 
p is the fluid density, and yw is its mass absorption 
coefficient. Eq. 1 implies that all parts of the beam pass 
through equal amounts of the fluid. Practical applica- 
tions are, therefore, limited to systems in which the 
fluid is distributed so that / varies negligibly over the 
cross-section of the beam. Typical variations of the 
transmission factor with X-ray tube potential are shown 
in Fig. 2 from which experimental points have been 
omitted for clarity. 

The X-ray absorption of low pressure gases in a core 
is practically zero so it cannot be distinguished from 
that a vacuum by instruments that will differentiate 
between liquids. The transmission factor of a gas in 
a core is, therefore, unity, Consequently, the saturation 
of only one gaseous component can be found. If two 
fluids completely fill a core, their two saturations add 
to unity and, therefore, only one value of the trans- 
mission factor, 7, is needed to determine both of them. 
When two liquids do not completely fill the core, their 
saturations do not add to unity and transmission factors 
at two wavelengths must be measured. At one of these 
wavelengths, T for one liquid must be different from 
T for the other liquid. The change of T for one liquid 
as the wavelength is changed between the two values 
must be different from the corresponding change of T 
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in the other liquid. The two values of fluid saturation 
will also give that of the gas because the three satura- 
tions must add to unity. 

In Fig. 2 it can be seen that there are many large 
differences of JT between various oil solutions and 
water solutions at any one potential, and between poten- 
tials for any one solution. Consequently, conditions 
for optimum accuracy of measurement of the satura- 
tions of a gas and two liquids can be chosen. Once 
the operating potentials have been selected, however, 
it is more convenient to cross plot the data from Fig. 
2 on transmission factor-solution concentration coordi- 
nates for the chosen potentials, as shown in Fig. 3. 

Fig. 3 was used to plan the experimental procedure 
for Core N-38-1. Since the voltage control at 45 kv 
was good, the slopes of the curves in Fig. 2 at this 
potential would cause little error. At low potentials, 
however, the voltage control was not good, so 33 kv was 
chosen because the small slopes of the curves made 
voltage control less critical. The lowest strength beam 
that could be measured reasonably at 33 kv corre- 
sponded to a minimum T factor of 0.385. Fig. 3 shows 
that both 4.80 weight per cent of cadmium chloride 
in water and 24.0 per cent of iodobenzene in crystal 
oil had this T value, and, consequently, were indistin- 
guishable to the X-rays at 33 kv. Thus, at 33 kv, the 
liquid saturation was given by the same curve regard- 
less of the relative amounts of oil and water solutions 
present. This simple calibration curve from which the 
gas and liquid saturation can be read, is shown in Fig. 
4. Fig. 3 also shows that at 45 kv, T for the aqueous 
solution is 0.610, and that T for the oil solution is 
0.220. These values were transferred to Fig. 4 to give 
the triangular calibration plot from which the brine and 
oil saturations can be found, after the gas saturation 
has been determined at 33 kv. 
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The plan for Core M-1 was to have the same T 
values at 45 kv and different T’s at 33 kv. The cali- 
bration diagram for this core is shown in Fig. 5. A T 
reading at 33 kv gives the oil and brine saturation 
from the triangular plot after the gas saturation has 
been found from a reading at 45 ky. 

These new calibration plots on semilogarithmic 
coordinates are a big help in three component satura- 
tion measurements by X-ray absorption techniques. 
Because, for incompressible materials, the transmission 
factor varies strictly exponentially with the volume 
present, and because the transmission factor of two 
materials together is the product of their separate fac- 
tors. The calibration for saturations of one liquid com- 
ponent in the presence of the second liquid component 
can be found by drawing lines parallel to the calibra- 
tion lines for the first component and the gas in the 
absence of the second component, as shown in Fig. 6, 
at 45 kv. A modification which results in a more legible 
diagram, is the placing of the 100 per cent saturation 
T values, for the two stronger absorbers of the three, 
on opposite sides of the diagram, with the point repre- 
senting 100 per cent saturation by the weakest of the 
three above the lower of the two strong absorber trans- 
mission factors. The resulting triangular plots are 
shown in Figs. 4 and 5, and at 25.5 kv in Fig. 6. The 
transmission factor of the weakest absorber need not 
be plotted as unity, as shown in these figures. It is this 
method of plotting that makes practical the necessary 
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calibration for three component saturation measure- 
ments. 

The use of external calibration cells, previously in- 
troduced’ and extended’, can reduce the work of cali- 
bration in many cases. When more than one liquid is 
present, a different path length through the fluids held 
in the calibration cells is needed for each change of 
saturation during calibration. Since the path length 
through the fluid in a calibration cell must equal that 
through the core at the same saturation, the path 
length depends on the effective diameter of the core, 
the porosity, and the saturation by that liquid. Conse- 
quently, if cells with fixed dimensions are used, each 
must present a path length corresponding to one of 
those required in the calibration of any one core. 
Further, each core would require its own set of cali- 
bration cells based on a different diameter and porosity. 
Two remedies suggest themselves. A small number of 
fixed cells could be maintained and the calibration 
could be made at saturations corresponding to the 
path lengths in the cells. In general these saturation 
values would be at inconvenient percentages, so that 
plotting the calibration diagram would be troublesome. 
The second method is to have two cells in which the 
path length can be varied to any desired length in either 
cell. A calibration could then be carried out at con- 
venient increments of saturation for any core. Such a 
pair of cells has been described", and has been tested 
in this research. The fixed cells have the advantages 
of cheapness and a reduced chance of an error in the 
path length selection, but require more bothersome 
methods of changing saturation; and, in general, lack 
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flexibility. Consequently, the variable cells are strongly 
recommended for exploratory work. 

One calibration cell could be used for all cores and 
fluids within reasonable limits, as can be seen from the 
45 kv triangle in Fig. 6. Whatever the path length 
through the cell, it corresponds to some saturation in 
the core, say between 50 and 150 per cent saturation. 
The corresponding measured transmission factor would 
be plotted at the calculated saturation and a line would 
be drawn from that point to the 100 per cent air point. 
The point at which this line crossed the 100 per cent 
liquid line would give the correct transmission factor 
for 100 per cent saturation by the liquid in the cell. 
The other liquid calibration at 100 per cent saturation 
could be found in the same way. The three component 
calibration would thereby be established. 

The validity of a calibration performed externally 
can be checked at the time of filling the core to a 
known saturation, It is valid as long as the fluids and 
cells outside produce the same effects on the measuring 
instrument as the corresponding fluids inside the core. 

An important variable in both fluid flow and satura- 
tion measurements is the porosity. Up to now it has 
been difficult to measure local variations in porosity. 
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In the present research, an effective method which 
depends on the change of transmission factor of the 
core with changes of porosity was developed to measure 
such variations, At the end of the experiment, a saw 
cut along an axial plane was made through Core N- 
38-1. The void space thus added to the diametrical 
path length through the core, normal to the plane of 
the cut, increased the effective path length through 
the void space by the width of the cut multiplied by 
unity minus the core porosity. Fig. 7 shows the corre- 
sponding increase in porosity of 5.2 per cent for this 
first cut which increased the X-ray power transmitted 
through the core by 21 per cent at 33 kv. A second 
cut parallel to the first increased the porosity by an- 
other 3.3 per cent and the power transmitted by 


TABLE 1—CORE DIMENSIONS 
N-38- 


Core designation N-38-2 : 
Material ____Alundum _ Natural Sandstone 
Diameter, in. 0.973 0.974 0.951 0.948 
Length, in. 1.007 0.994 1.009 1.023 
Porosity, per cent 25.9 26.1 21.1 ae 
Specific gravity 3.96 3.96 223 
TABLE 2—CORE POROSITY UNIFORMITY TRAVERSES (TESTED DRY) 
N-38-1 M-1 N-38-2 
Height! Ratio to mean Porosity Ratio to mean Ratio to mean 
Indicated 
Before After average Before After Before After 
tests?” _tests®_ __per cent _tests?® tests* tests! tests* 
0.16 0.988 25.6 
0.22 1.03 26.6 1.02 0.99 1.021 1.003 
0.34 1.000 5.9 1.00 1.001 
0.47 0.995 0.992 25.8 0.99 1.00 0.979 0.999 
0.59 1.003 26.0 1.00 0.999 
0.71 1.010 1.004 26.0 0.99 1.00 0.993 0.998 
0.84 1.007 26.1 0.99 0.993 


1Height of beam centerline below the inflow end in inches. 

*Numbers of readings averaged to obtain figures shown. Maximum 
deviations from mean of 2 per cent. (Footnotes and corresponding num- 
bers) (4)-15; (5)-18; (6)-20; (7)-24; (8)-27; (9)-30; (10)-36; (11)-60. 


TABLE 3—SATURATION AFTER INITIAL FILL 


Saturation by X-ray method 


Ratio of intensity after (per cent) 
fill to before fill N-38-2 

Height? 39 kv 45 kv 25.5 kv® 45 kv® Brine Brine Water Water 
0.22 0.668 0.866 92 100 
0.34 0.453 0.875 103 95 
0.4 0.657 0.740 0.895 95 94 83 
0.59 0.446 0.888 106 87 
0.72 0.660 0.882 94 90 
0.84 0.461 0.876 103 92 
Saturation per cent: 
Weighted average by X-ray method 104 94 94 92 
Gravimetric method 92.2 95.7 


tHeight of beam centerline below the inflow end in inches. 

*Numbers of readings average to obtain figures shown. Maximum 
deviations from meon of 2 per cent. (Footnotes and corresponding num- 
bers) (4)-15; (5)-18; (6)-20; (7)-24; (8)-27; (9)-30; (10)-36; (11)-60. 
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TABLE 4—SATURATION AFTER FIRST CHANGE? 
Ratio of intensity after first Saturation by X-ray method 


drive to before fill (per cent) 

Height! N-38-1 M-1N-38-2, N-38-1 N-38-2 
kv8 45 ky? 35 25.5 kv? Brine® Liquid Brine Oil Water 
0.22 0.456 0.676 0.602 0.923 72 
0.33 0.431 0.672 0.617 0.930 66 90 4) AQ 23, 
0.47 0.409 0.666 0.593 0.908 6) 92 46 46 20 
0.59 0.382 0.684 0.604 0.914 54 86 46 40 28 
0.72 0.346 0.669 0.589 0.865 45 92 AST 1435's AD 
0.84 0.341 0.678 0.575 0.883 44 88 54 S45 539. 

Saturation per cent: 

\V/eighted average by X-ray method 58 88 48 41 31 
Gravimetric method 71 14 27 
Volumetric method 60 36-63 20 
By liquid distillation (not less than) 4) 47 25 


1Height of beam centerline below the inflow end in inches. 


°-1Numbers of readings averaged to obtain figures shown. Maximnum 
deviations from mean of 2 per cent. (Footnotes and corresponding num- 
bers) (5)-18; (6)-20; {7)-24; (8)-27; (9)-30; (10)-36; (11)-60. 

\2Figures from scintillation detector and ratemeter: 3 minutes or 40 sec- 
onds setting; average of readings on six diameters at each height. 


another 22 per cent. Data also were recorded at higher 
potentials as shown in Fig. 7. A 1 per cent change in 
porosity resulted in about a 4 to 6 per cent change 
in the transmission factor of the core. A similar non- 
destructive method of measuring porosity variations, 
which has the added advantage of producing the poro- 
sity calibration before any other calibrations, could be 
applied while sizing the core. 


EXPERIMENTAL EQUIPMENT AND 
PROCEDURE 


The X-ray equipment previously described’ was modi- 
fied and used in this research (Fig. 1). The pair of 
adjustable calibration cells could be replaced by the 
“cell equivalent” so that the path length through the 
plastic would remain constant. The “comparator block” 
and cell equivalent were introduced into the beam as 
the core was lowered out of the beam so the constancy 
of the beam and radiation detector behavior could be 
checked frequently during a set of readings. A Geiger 
tube was used to record at the higher beam energies, 
and a scintillation detector was used for lower beam 
energy measurements. 

Two Alundum cores (N-38-1 and N-38-2) and two 
natural outcropping sandstone cores (M-1 and M-2), 
each with a permeability of about 0.25 darcy, were 
extracted in dioxane, measured for size and porosity 
and then dried. 

The initial fill of Cores N-38-1 and M-1 was with 
brine and of Core N-38-2 was with water. Subsequent 
oil and air drives as indicated in Tables 2 to 5 were 
done in a Hassler sleeve with a graduated burette to 
catch effluent liquids for volume checks. After the 


X-ray tests, the liquids were removed from the cores 
ina U. S. Bureau of Mines liquid distillation apparatus 
using toluene. The cores were then dried, and Cores 
N-38-1 and M-1 were leached in distilled water in a 
Soxilett apparatus to extract the salt. The chloride in 
the leach water was titrated with silver nitrate. Core 
M-2 was only leached to show the sandstone contained 
no leachable chloride. 


For ease in altering the core conditions and measur- 
ing the resulting changes, the cores were placed in 
Lucite jackets with about 0.006-in. diametric clear- 
ance. Because the cores were well consolidated, the loss 
of core material was small. 


The calibration for Core N-38-1 shown in Fig. 4 
proves the validity of the triangular plots on semi- 
logarithmic coordinates. The data taken with the cali- 
bration cells can be seen to fall close to the slanted 
lines which were drawn in at the theoretical values. An 
early error in porosity measurement resulted in 98.2 
per cent saturation being used for the calibration cell 
settings instead of 100 per cent. It is apparent that, at 
33 kv, the brine and oil did not have exactly the same 
absorption. The difference, however, is comparable to 
the scatter of the data. This small discrepancy could 
have been corrected by further adjustments of the 
solution concentrations, It is believed that the error in 
the point at 78.6 per cent oil was caused by an error 
in the calibration cell setting. The point which is 
missing for the 29.5 per cent oil inadvertently was not 
measured. The 90 and 100 per cent points which were 
omitted are in the region where three component flow 
is unlikely. 


The calibration plots for Cores M-1 and N-38-2, 
shown in Figs. 5 and 6, were based on the 100 per cent 
saturation points only. These were established by 
averaging the readings at several axial and radial paths 
through the core. Not less than 100 readings, which 
showed a maximum scatter of 2 per cent, were used 
for each average. The cores were shown, by Table 2, 
to have uniform porosity within the accuracy of the 
experiment. 


In Tables 3 to 5 the comparison between the X-ray 
method of saturation measurement and other methods 
is presented in tabular form. The liquids tended to 
drain from the top of the core and collect between the 
core and jacket. As can be seen from Table 3, the 
X-rays through Core N-38-1, which was the most 


TABLE 5—SATURATION AFTER SECOND CHANGE 


Ratio of intensity after second 
drive to before fill — 


A5ky 33kv A5kv" 

22. 0.544 0.692 0.592 0.941 
. 33 0.599 0.571 0.688 0.610 0.906 

0.47 0.584 0.569 0.687 0.620 0.893 

0.59 0.557 0.545 0.703 0.630 0.902 

0.72 0.551 0.563 0.705 0.617 0.905 

0.84 0.575 0.581 0.679 0.600 0.892 


Saturation per cent: 

By weighted average from X-ray method 

Gravimetric method 

Volumetric method 

By liquid distillation and gravimetrically 

By titration of salt residue leached from core ; 
By weight of salt residue from weight of core before and after leaching 


iHeight of beam centerline below the inflow end in inches. 
2After oil drive for N-38-1 and M-1; after air drive for N-38-2. 


3Based on 99 per cent saturation below the 0.22 level because of probable drainage. 
4-11Numbers of readings averaged to obtain figures shown. Maximum deviations from mean 


(5)-18; (6)-20; (7)-24; (8)-27; (9)-30; (10)-36; (11)-60. 
12Figures from scintillation detector and ratemeter: 


ViOL. 216, 1959 


Saturation by X-ray method 


N-38-1_ M-1 N-38-2 
25.5kv2 Liquid Brine Oil Liquid Brine Oil 
0.830. 63 Al 22 83 51 32 
0.836 58 36 22 85 45 40 
0.842 52 34 24 85 42 43 
0.834 63 36 29 80 42 37 
0.830 59 30 29 79 4 33 
0.825 56 29 27 &3 46 42 
Oil Water 
59 35 25 84 46 37 
47 31 53 27 
36 32 
4) 20 47 31 55 25 
35 46 
30 48 
of 2 per cent. (Footnotes and corresponding numbers) (4)-15; 
3 minutes or 40 seconds setting; averages of readings on six diameters at each height. 
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saturated, actually traversed more brine than the core 
pore volume presented to the beam because of this 
drainage. Data for Core N-38-2 at 45 kv were inaccu- 
rate because the beam was too strong for the scintilla- 
tion detector to give good accuracy. Therefore, the 
X-ray absorption method was probably at least as 
accurate as the instrumentation and the test piece. It 
was unfortunate that the liquids in N-38-1, which were 
the most advantageous for the X-ray method had such 
similar densities that the gravimetric checks were poor, 
and that the liquids in N-38-2 presented the opposite 
difficulty. Considering all the check methods, however, 
the X-ray method gave as good accuracy as could be 
expected from the slopes of the calibration curve, the 
accuracy of the X-ray measurements, the uncertainties 
of the liquid distribution in the cores and the limited 
number of positions at which it was practical to sample 
the saturations. 

As a check on the liquid distillation method of 
determining the final saturations by the fluids, the salt 
left in Cores N-38-1 and M-1 was estimated by titration 
and change of weight with the results shown in Table 
5. The X-ray determinations were not listed in Table 
5 for Core N-38-2 because of the poor accuracy as 
explained above. However, since the first adjustment 
by air and the advantageous difference between the 
specific gravities of the liquids made for accurate gravi- 
metric determinations, the gravimetric and distilla- 
tion results were included as an indication of the accu- 
racy of the distillation method. 


The composite result of this investigation is a prac- 
tical X-ray absorption method for measuring three 
component saturation in porous materials. The method 
depends on several subsidiary developments. 

1. The triangular saturation calibration plot on semi- 


to 


logarithmic coordinates illustrated in Fig. 5 which 
makes the method feasible. 

2. The method of measuring local variations in poro- 
sity of cores based on the semilogarithmic plot of trans- 
mission factors and equivalent saturations as in Fig. 
7. When combined with the calibration plot method 
it provides’ calibrations on any diameters of the core 
without further experimentation. 

3. A single calibration cell of fixed thickness can 
be used to calibrate a core for saturation by three 
component fluid systems. 

4. A pair of calibration cells for simulating any 
three component saturation calibrations of a porous 
core has been developed. This pair speeds exploratory 
work on choice of suitable fluids and makes actual 
calibrations more convenient. 

5. The method of choosing suitable fluid components 


_by using graphs of their transmission factors as a func- 


tion of the radiation energy level for given absorber 
concentrations, and as a function of absorber concen- 
tration at given energy levels, as illustrated in Figs. 
2 and 3. 
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The Effect of Gypsum on Core Analysis Results 
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The presence of gypsum in samples subjected to 
standard core analysis introduces serious errors in the 
measurement of water saturation and porosity. The mag- 
nitude of these errors, depending upon the type of 
analysis procedure used, has been evaluated experiment- 
ally and theoretically. Water-saturated pore volumes 
determined by vacuum distillation or retort procedures 
may be too high by as much as 48 per cent of the 
volume of gypsum present. The maximum error in this 
value determined by Dean-Stark extraction with toluene 
is 36 per cent of the gypsum volume. If pore space is 
measured by a Boyle’s law type porosimeter the maxi- 
mum erorr due to gypsum is 38 per cent of the original 
gypsum volume present. 

The conscientious core analyst may eliminate the 
errors caused by gypsum by either of two methods. He 
may apply suitable corrections for the water of crystalli- 
zation removed from gypsum, or take special precau- 
tions to prevent dehydration of gypsum during core 
cleaning and analysis procedures. These alternatives 
are discussed and methods for obtaining reliable core 
analysis data are proposed. 


Gypsum (CaSO, : 2H.0) occurs as a common mineral 
in many of the world’s sedimentary basins. In addition 
to its presence as primary bedded evaporitic deposits, 
it is often found as secondary replacement zones and 
pore-fillings in host rocks. That it may cause false 
indications in porosity, both on neutron logs and in 
standard core analysis, has been generally recognized. 
False porosity interpretations from neutron logs result 
because the chemically bound water in gypsum atten- 
uates neutrons as effectively as free water. Errors in 
core analysis result when gypsum is dehydrated prior 
to or during the analysis. 

Vacuum retort procedures used by many laboratories 
to determine fluid saturation and porosity effect a 
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complete removal of water of crystallization from 
gypsum. The crystal water, distilled and collected with 
free water from the sample, is counted as water-satu- 
rated pore space. 

Dehydration of gypsum results in a decrease in vol- 
ume occupied by calcium sulfate and a corresponding 
increase in pore volume. Thus, if gypsum is dehydrated 
by sample cleaning and drying procedures, subsequent 
porosity measurements with gas expansion or com- 
pression rmstruments will be high. 

The qualitative effect of gypsum on porosity deter- 
minations by retort procedures was discussed in a 
recent article by Bynum and Koepf’. They concluded 
that since false porosity was interpreted as being water 
saturated, determinations of oil content were not 
affected. Others in the industry, however, have pointed 
out that porosity values are often used with values of 
water saturation determined independently, e.g., from 
electric resistivity logs in making reserve estimates. 
Values of water saturation calculated from the 
formation resistivity using the Archie equation, S|" = 
R,/¢ "R., are actually low if values of # are high due 
to gypsum. In this case, false porosity values due to 
gypsum could cause serious errors in calculations of 
oil-in-place. 

This investigation was made to determine quantita- 
tively the effect of gypsum on porosity values deter- 
mined by different core analysis procedures. 


EXPERIMENTAL PROCEDURES 


DEHYDRATION OF GYPSUM 

The extent and rate of removal of water of crystalli- 
zation from gypsum under conditions encountered in 
core analysis procedures were studied. Taken for the ex- 
periments were three types of relatively pure, naturally 
occurring gypsum, viz. selenite, satin spar and massive 
gypsum, Although all samples probably contained trace 
chemical impurities, each type lost the theoretical 
amount of water upon complete dehydration. 

An automatic recording thermobalance, similar to 
one described by Mauer’, was used to obtain dehydra- 
tion rate data for samples heated in dry air. Water 
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removal by distillation-extraction with organic solvents 
was determined using a modified Dean-Stark extraction 
apparatus. Since gypsum was dehydrated at appreciable 
rates both by heating at mild temperatures in air and 
solvent-extraction at atmospheric pressures, the more 
severe dehydrating conditions encountered in vacuum- 
retorting were not investigated. 


MEASUREMENT OF CHANGES IN POROSITY AND 
PERMEABILITY CAUSED BY DEHYDRATION OF GYPSUM 


Porosity and permeability measurements on sulfatic 
dolomite cores from the Permian Basin were made 
before and after dehydration of gypsum. Measurements 
also were made on some layered gypsum and anhydrite 
outcrop specimens. One-in. plugs were taken from the 
samples, and the mineralogical composition of each was 
determined by analyzing the drill-cuttings from around 
the plugs by combined techniques of X-ray diffraction, 
differential thermal analysis and thermogravimetric 
analysis. The plugs were drilled usmg water as the 
coolant-lubricant and dried at 60°C to remove surface 
water. 

After making initial weight, porosity and perme- 
ability measurements, the samples were heated at 
250°C, and the measurements repeated. The tempera- 
ture selected completely removes crystal water from 
gypsum without effecting any carbonate decomposition. 
Precautions were taken to minimize rehydration of 
soluble anhydrite (the principal anhydrous form of 
CaSO, formed at this temperature) between heating and 
subsequent measurements. 

Effective porosity measurements were made with a 
Kobe porosimeter. Specific permeabilities were deter- 
mined in accordance with API recommended practices 
using a gas permeameter. Inlet air for the permeameter 
was passed through a drying tower of Drierite desiccant 
to prevent rehydration of soluble anhydrite by moisture 
in the air. 


RESULTS AND DISCUSSION 


DEHYDRATION OF GYPSUM 


It generally is recognized that gypsum loses its water 
of crystallization in two steps according to the dissocia- 
tion reactions 

Both reactions are readily reversible. When heated in 
air, the first anhydrous product formed is y — CaSO,, 
commonly known as “soluble anhydrite’, On heating 
above 100°C, it undergoes a monotropic transition to 
& — CaSO,, or “natural anhydrite”. Neither the pre- 
cise temperature nor length of time required to effect 
the complete conversion can be stated; however, the 
transition rate is temperature dependent, and much 
higher temperatures than 100°C are required to com- 
plete the transition in a convenient length of time. 
Unlike soluble anhydrite, natural anhydrite does not 
hydrate at appreciable rates. According to recent inves- 
tigations’ this transformation takes place only through 
dissolution of anhydrite followed by precipitation of 
gypsum. 

The equilibrium reactions, Eqs. 1 and 2, represent 
three-phase, two-component systems. Such systems, ac- 
cording to the phase rule, possess one degree of free- 
dom. Under equilibrium conditions two solid phases are 
in equilibrium with a definite vapor pressure, the dis- 
sociation pressure for the hydrate pair, at any given 
temperature. Therefore, gypsum will be dehydrated 
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HEATING TIME HOURS 
Fic. 1—DeEHYDRATION OF GyPpsUM ON HEATING IN AIR. 


whenever the partial pressure of water vapor surround- 
ing it drops below the equilibrium dissociation pressure 
gypsum can be dehydrated at any temperature if main- 
tained in a completely dry atmosphere long enough. 
Of course the dissociation pressure and rate of dehy- 
dration increase rapidly with temperature. 

Dissociation pressure measurements of the CaSO, - 
2H.O — CaSO, - % H.O system have been reported by 
Kelley’ et al. For the purposes of this investigation, it 
was desired to know at what temperature the rate of 
dehydration of gypsum becomes appreciable. The rate 
data obtained with the thermobalance are summarized 
in Fig. 1. From them, 70°C has been taken as the 
maximum temperature at which core samples contain- 
ing gypsum can be dried without altering porosity to 
a measurable extent. If heating at this temperature is 
not prolonged more than 24 hours, dehydration is 
negligible. The dashed curve of Fig. 1 illustrates the 
dramatic increase in dehydration rate when water vapor 
is continuously removed by passing dry nitrogen through 
a powdered sample. 

Removal of water from gypsum by distillation extrac- 
tion with toluene is shown im Fig. 2. These data were 
obtained by extracting massive gypsum chips of pebble 
size supported in the toluene reflux vapors. About 85 
per cent of the crystal water was removed before 
water stopped distilling. This is more than the 75 per 
cent removal required for complete conversion to the 
hemihydrate. Pulverizing the sample and extracting it 
in the liquid phase failed to remove any more of the 
crystal water. X-ray diffraction analysis of the extracted 
sample showed that no gypsum was present and that 


*“The reader may feel intuitively that removal of 48 gm of water 
should create 48 ec of pore space, rather than 38. It should be 
pointed out that the water in gypsum does not exist as liquid 
water with density 1 gm/cc. Furthermore, the dehydration is ac- 
companied by a crystallographic transformation from monoclinic to 
orthorhombic structure. 
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the remaining material was chiefly a mixture of soluble 
anhydrite and the hemihydrate. A small amount of 
natural anhydrite also was present. 


EFFECT OF DEHYDRATION OF GYPSUM 
ON CORE ANALYSIS RESULTS 


The magnitude of the errors in porosity and water 
saturation measurements caused by dehydration of 
gypsum will depend upon the amount of gypsum pres- 
ent, the extent of dehydration effected during analysis 
and the type of analysis procedure used. A considera- 
tion of the volume relations involved in the complete 
conversion of gypsum to natural anhydrite discloses 
the maximum errors which may result. When 100 cc of 
gypsum (density 2.3?) is dehydrated, 62 cc of anhy- 
drite (density 2.96) and 48 gm of water are formed. 
Since the water is expelled without a change in bulk 
volume of rock, a pore space of 38 cc is formed.* 
Therefore, actual porosity increases due to dehydration 
of gypsum may range up to a maximum of 38 per cent 
of the gypsum volume. This will be the maximum error 
in porosity if determined by Boyle’s law porosimeter. 
However, if porosity and water saturation are deter- 
mined by vacuum distillation or retort procedures, the 
48 gm of water in the above sample is counted as 48 
cc of water-saturated pore space, and errors as great 
as 48 per cent of the gypsum volume may result. The 
convenitonal Dean-Stark extraction with toluene re- 
moves only 75 per cent of the crystal water, so the 
maximum error in this analysis is 36 per cent. 


POROSITY CHANGES 


The experimentally determined changes in porosity 
of the inter-laminated gypsum-anhydrite plugs and the 
sulfatic dolomite plugs are summarized in Tables 1 
and 2, respectively. In the column headings W-1, W-2, 
¢-1, and ¢-2 refer to the weights and porosities of the 
samples after drying at 60°C and 250°C, respectively. 
The difference between the weights is taken as water of 
crystallization from gypsum and is used to calculate 
the weight per cent of gypsum in the plugs. The bulk 
volume is the average bulk volume of the plug as meas- 
ured by mercury displacement before and after drying 
the samples. Our results agree with the literature’ that 
no change in bulk volume occurs in dehydration of 
gypsum. The column “Maximum Ad” refers to the 
theoretical maximum change in per cent porosity ex- 
pected from dehydration of the amount of gypsum 
present. It was calculated on the basis that complete 
dehydration of gypsum results in an increase in pore 
space of 38 per cent of the volume of gypsum originally 
present. The porosity values reported represent the 
average of four replicate determinations in each case. 
The observed change in porosity (Ad observed) is the 
difference between the mean values ¢-1 and ¢-2. The 
+ figures define the 95 per cent confidence limits about 
the means. The increase in porosity caused by dehy- 
dration is pronounced and is near the theoretical maxi- 
mum for all samples except the M 1463 plugs of 
Table 1. 

The effect of distillation extraction with toluene on 
porosity is shown in Table 3. For this experiment two 
separate plugs, M 1370 B and M 1452 B, were drilled 
from the cores from which plugs M 1370 and M 1452 
were taken for the air dehydration experiments. Porosi- 
ties were measured before extraction and after extrac- 
tion with toluene until no further water was removed. 
The plugs were dried at 60°C to constant weight before 
making each of the porosity measurements. 

Some non-volatile organic material was extracted 
from each plug during reflux. The weight of this organic 
material, shown in Column 5, was obtained by evap- 
orating the toluene at 110°C. 

The change in per cent porosity expected from the 
extractions was calculated from the combined increase 
in pore space expected from (1) the gypsum dehy- 
drated and (2) the organic material extracted. Increase 
in pore space expected from the gypsum dehydration 
was Calculated as previously described. The pore volume 
occupied by the organic material was obtained by 
dividing the weight by an assumed average density of 
0.9 gm/cc. 

PERMEABILITY CHANGES 

The permeability changes caused by dehydration of 
gypsum by heating in air are shown in Table 4. The 
“H” and “V” notations indicate whether the sample 


TABLE 1 — CHANGES IN POROSITY IN LAYERED GYPSUM AND ANHYDRITE PLUG SAMPLES DUE TO DEHYDRATION OF GYPSUM BY HEATING IN AIR 
Plug W-1 W-2 Wt. per cent Bulk Maximum o-1 p-2 Ad 
Sample (gm) (gm) Gypsum Vol (cc) Ad (per cent) (per cent) (observed) 
M 1463 A 20.604 17.433 73.5 2715) 1-12 28.9340.90 19.88+1.13 
M 1463 B 26.517 22.698 71.6 | 8.05+0.69 28.07+1.18 (ey || 
M 1465 A 86.27 70.47 87.5 38.8 5.39+0.17 33.38+1.04 27-99 ALS. 
M 1465 B 86.52 70.20 90.0 38.4 32.92 3.50+0.20 31.42+1.34 27.92+1.36 


TABLE 2—CHANGES IN POROSITY IN SULFATIC DOLOMITE PLUGS DUE TO DEHYDRATION OF GYPSUM BY HEATING IN AIR 


W-1 W-2 Wt. per cent Bulk Maximum o-1 p-2 ( 
ee (gm) (gm) Gypsum Vo! (cc) Ad (per cent) (per cent) (observed) 
9440.22 

57.305 56,789 4.3 20.6 1.94 2.80+0.15 3.74+0.02 0.94 
74,753 72.478 14.6 27.8 6.40 225025027. 8.40+0.42 5.92£0.30 
M 1370 73.330 71.049 14.9 27.4 6.53 3.36+0.14 8.90-40.25 §.54+0.39 
M 1452 72.813 11.0 28.1 4.66 6.36+0.20 11.05£0.33 4.69+0.15 


| 
| 
P23 


TABLE 3—-CHANGES IN POROSITY IN SULFATIC DOLOMITE PLUGS DUE TO DEHYDRATION OF GYPSUM BY TOLUENE EXTRACTION 


Equiva- 
lent Gyp- Organic 
Water sum Fully Material 
Plug Weight Extracted Dehydrated Extracted 
Sample (gm) (ml) (oi) 
M 1370 B 74.393 1.385 6.63 0.113 
M 1452 B S339. 0.150 0.716 0.138 


*Average of two replicates 


was drilled horizontally or vertically to the bedding 
planes. Samples 69 A and 69 B were drilled horizontally 
to the bedding planes. 

The negligible increase in permeability indicates that 
the pore space resulting from gypsum dehydration is 
poorly interconnected. The difficulty encountered in 
finding cores containing appreciable gypsum and meas- 
urable permeability attests the effectiveness of secon- 
dary sulfates in sealing off pore space. 


SUGGESTED CorE ANALYSIS PROCEDURES 


CORRECTIONS FOR WATER OF CRYSTALLIZATION 
REMOVED FROM GYPSUM 


The authors know of no proved method for distill- 
ing interstitial water from rocks without removing some 
of the chemically bound water from gypsum. Therefore, 
values of water saturation and porosity determined by 
Dean-Stark extraction, vacuum-distillation, or retort 
procedures must be corrected. Corrections should be 
based on a complete removal of the bound water (20.9 
weight per cent of the gypsum) from gypsum during 
vacuum retorting and a 75 per cent dehydration if tol- 
uene extraction is used (15.7 weight per cent of the 
gypsum). 

Corrections require a knowledge of the amount of 
gypsum present. This is most easily determined from 
the difference in weight of a sample cleaned by low 
temperature extraction, dried to constant weight first 
at 60°C and then at 200°C. The weight difference is 
assumed to be water of crystallization from gypsum. 


Since the hydration of calcium sulfate is reversible 
under these conditions, care must be taken to prevent 
contact of the samples with moist air after drying at 
200°C, It should be pointed out that serious errors may 
be caused by the presence of clays containing inter- 
layer water, which also is lost at low temperatures, A 
more reliable determination of gypsum may be obtained 
by combined thermogravimetric and X-ray diffraction 
analyses, which specify more definitely the constituents 
undergoing low-temperature weight loss. 


Porosity values determined by gas-expansion or com- 
pression techniques also should be corrected if the sam- 
ple has been cleaned and dried by procedures which 
dehydrate gypsum. The amount of new porosity formed 
does not always correspond to the theoretical 38 per 
cent of the original gypsum volume, but the data of 
Tables 1 and 2 indicate that this theoretical correction 
may be generally applied without appreciable error. 


TABLE 4—-CHANGES IN PERMEABILITY DUE TO DEHYDRATION OF GYPSUM 
W-1 


Plug W-2 Wt. per cent K-1 K-2 
Sample (gm) (gm) Gypsum md md 
M 1370 V 35.047 34.262 10.7 0.00 0.00 
M 1370 H 42.086 41.382 8.0 0.00 0.00 
M 1367 V 39.228 38.663 6.9 0.00 0.00 
M 1367 H 33.911 33.304 8.6 0.00 0.00 
59 A 28.262 28.004 4.4 0.11 0.27 
69 B 28.327 28.037 4.9 0.03 0.11 


** Average of three replicates 


Bulk 


Vol Pre- Ad 

ay dicted per cent per cent Observed 
3,40** 7.81* 4.41 

19.76 8.617 1.19 


+Average of four replicates 


PREVENTION OF DEHYDRATION OF GYPSUM 


Since corrections require a quantitative determination 
of gypsum, it may be preferable to determine porosity 
of a sample cleaned without dehydrating gypsum appre- 
ciably. Such core cleaning may be accomplished by ex- 
traction with carbon tetrachloride and drying below 
70°C. The extraction may be carried out with a cen- 
trifuge core-cleaner’ or by pressure-cycling, which con- 
sists of saturating the core with solvent under pressure 
and then releasing the pressure. Two or three such 
cycles often suffice to clean the core. 

Soxhlet extraction with carbon tetrachloride should 
be avoided, not only because of the possibility of de- 
hydrating gypsum, but also because on prolonged reflux- 
ing carbon tetrachloride may partially hydrolyze to 
produce hydrochloric acid. Reaction of the acid with 
carbonates is likely to affect the physical properties of 
the rock. Extraction with carbon tetrachloride will not 
remove salts. If this is desired, extraction with a mix- 
ture of chloroform and methanol is effective. These 
solvents form a binary azeotrope which boils at 53.5°C 
(128°F) and consists of 12.6 per cent, by weight, of 
the alcohol and 87.4 per cent chloroform. Either soxhlet 
extraction or pressure-cycling with this solvent should 
be suitable. 

Chloroform, like carbon tetrachloride, can hydrolyze 
on refluxing to produce acids, but tests showed that the 
extent of hydrolysis encountered in normal core-clean- 
ing operations is neglibible. Other tests showed that 
soxhlet extraction with this mixture does not dehydrate 
gypsum. Because of the foaming tendency of this azeo- 
trope, extraction with carbon tetrachloride is preferred. 
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Carbon Dioxide Solvent Flooding for Increased 
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Laboratory flooding experiments on linear flow sys- 
tems indicated that high oil displacement, approaching 
that obtained from completely miscible solvents, can 
be attained by injecting a small slug of carbon dioxide 
into a reservoir and driving it with plain or carbonated 
water. Data are presented in this paper which show the 
results of laboratory work designed to evaluate this oil 
recovery process, particularly at reservoir temperatures 
above 100°F and in the pressure range of 600 to 2,600 
psi. Under these conditions CO, exists as a dense sin- 
gle-phase fluid. 

It was found that a bank, rich in light hydrocarbons, 
was formed at the leading edge of the CO, slug during 
floods on long cores. Formation of this bank is prob- 
ably due to a selective extraction by the CO, and, it is 
believed, partially accounts for the attractively high oil 
recoveries. In addition to the efficient displacement of 
oil from the pores of the rock by this process, the fa- 
vorable mobility ratio related to a CO.-water flood also 
contributes to high oil recovery. A further advantage 
of this process is noted on limestone and dolomite rock, 
in that the CO, reacts with the porous medium. increas- 
ing its permeability. 

Flooding experiments were conducted on sandstone 
and vugular dolomite models. The results of this ex- 
perimental work show the effect on oil recovery of type 
of porous medium, pore geometry, flooding length, and 
flooding pressure. The porosity of the cores and models 
varied from 16 to 21 per cent and their permeabilities 
ranged from 100 to 200 md. A reconstituted West 
Texas reservoir oil, a West Texas stock tank oil, an 
East Texas stock tank oil and Soltrol were used to rep- 
resent reservoir oils in this study. Oil recoveries rang- 
ing from 60 to 80 per cent of the original oil in place 
in these cores were obtained by CO.-carbonated water 
floods at pressures between 900 and 1,800 psi, com- 
pared with conventional solution gas drive and water- 
flood recoveries of 30 to 45 per cent on the same cores. 
Oil recoveries greater than 80 per cent resulted from 
floods at pressures above about 1,800 psi. These high 
recoveries were noted from both the sandstone and the 
irregular porosity carbonate cores. 


In all floods, additional oil was recovered by a solu- 
tion gas drive resulting from blowdown following the 
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flood. Oil recoveries of 6 to 15 per cent of the original 
oil in place were obtained during this blowdown period. 
This additional recovery was found to be a function of 
oil remaining after the flood, decreasing with decreasing 
oil saturation. It was also noted that highest oil recov- 
eries by blowdown were obtained when carbonated 
water rather than plain water followed the CO, slug. 


Miscible phase or solvent flooding processes, which 
are designed to increase oil recovery from petroleum 
reservoirs, involve the injection of small quantities of 
a petroleum solvent into the reservoir, followed by an 
inexpensive scavenging fluid which is miscible with the 
solvent. Essentially complete displacement of oil from 
the pores of reservoir rock has been obtained by this 
technique. CO,, although not completely miscible with 
most reservoir oils at moderate pressures, is highly so- 
luble in these oils at pressures above about 700 psi; 
there is appreciable swelling and reduction in the vis- 
cosity of oil when CO, is dissolved in it. Therefore, CO, 
could be expected to perform similarly to other oil 
solvents as a displacing agent. CO, is also highly soluble 
in water at elevated pressures, so water should be a 
satisfactory material to drive a slug of CO, through an 
oil-bearing reservoir. A favorable mobility ratio would 
be obtained through the reduction in viscosity of the oil 
and the use of water as a final displacing agent. 


A number of investigations of the use of CO, to im- 
prove oil recovery have been reported in the litera- 
ture.”’*°* These studies, however, have been conducted 
on uniform porosity sandstone at relatively low tem- 
peratures and pressures. The behavior of CO, as a flood- 
ing agent at temperatures above its critical temperature 
could not be predicted adequately from these studies, 
particularly for the case of non-homogeneous rock. The 
purpose of this work was to evaluate the oil recovery 
efficiency of a process involving the injection of a CO, 
slug followed by carbonated water, at reservoir tem- 
peratures above 100°F and in the pressure range of 
600 to 2,600 psi, and to compare this process with con- 
ventional water flooding. The investigations were pri- 
marily designed to provide information on the efficiency 
of the process in irregular porosity carbonate rock. The 
effects of flooding path length, the presence of free gas, 
the type of oil to be recovered, and the amount of 
solvent required were also determined. The essential 
results of static phase behavior studies and experimen- 


2References given at end of paper. 
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tal core displacement tests are presented and discussed 
in this paper. 


APPARATUS AND PROCEDURE 


The CO, solvent flooding process was evaluated by 
means of short and long core displacement tests at 
various temperatures and pressures. 


CORES 


Consolidated cores having the following properties 
were used in the displacement studies. 
Porosity 
Permeability (md) (per cent) 


1. Berea sandstone NSO) PEO). 
2. McCook dolomite ley = 00) S110) = 


The Berea sandstone is a relatively uniform porosity 
material. The McCook dolomite is an irregular porosity 
carbonate rock containing vugs and high permeability 
channels. The rock is a micro to medium crystalline 
dolomite. The porosity consists of interstitial pores, 5 
to 10 microns in size, and irregular vugs, 50 to 2,000 
microns in size. 

The irregular nature of the rock was shown in a 
series of X-ray pictures of a slab model of the McCook 
dolomite. The pictures showed two series of displace- 
ment tests in which the oil-saturated model was flooded 
with oil containing iodobenzene. In one series the oil ia 
place was 30 times as viscous as the oil used to displace 
it. In the other series, the viscosity of the oil in place 
and that of the flooding oil were the same. These pic- 
tures and the oil recovery results showed the channel- 
ing and poor sweep efficiencies of floods carried out on 
this type of porous medium. They indicated that the 
viscosity ratio of the displaced to displacing fluids 
had relatively small effect on sweep efficiency in this 
type rock as compared with a uniform sandstone. 


CoRE HOLDERS 


The cores were 3.5 in. in diameter and 0.5, 1, or 7.5 
ft in length; the long ones consisted of three or four 
short cores pressed together. The cores were encased in 
neoprene tubing within steel core holders. The flow of 
fluids was confined to the pore space of the core by ex- 
ternal pressure on the neoprene sleeve in excess of the 
internal pressure used in the core. Fluid distribution 
plates were used to minimize end effects. The apparatus 
was contained in a constant temperature cabinet. The 
long core apparatus was similar in construction. 


FLUIDS 


Pertinent data on the fluids used in this study are 
shown in Table 1. 

A 10 per cent sodium chloride solution was used in 
saturating and flooding the sandstone cores, while dis- 
tilled water was used for these purposes in the dolomite 
cores. The brine solution was used to prevent the swell- 
ing of clays present in the sandstone. Carbonated brine 
was used on the sandstone and carbonated distilled 
water on the dolomite. The brine or water was carbon- 
ated prior to the displacement experiments to a point 
approaching saturation at the flooding temperature and 
pressure. 


EXPERIMENTAL DETAILS 


In preparation for the displacement experiments, the 
cores were first saturated with water, and then oil satu- 
ration was established by oil flooding at the pressure and 
temperature desired. A series of displacement tests were 
made on the same core for comparative purposes. After 
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TABLE 1—FLUIDS USED IN STUDY 


Cio to C12 isoparaffins; Mol. Wt. — oe, 

Viscosity at 70°F — 1.3 ep 

Viscosity at 130°F — 0.8 cp 

West Texas Crude Oil 

Density at 70°F — 0.837 gm/cc 

Viscosity at 70°F — 5.1 cp 

Viscosity at 125°F — 2.2 cp 

Carbon Residue — Conradson — 1.2 per cent by 
weight 

West Texas Reservoir Oil (Recombined) 
Saturation Pressure at 125°F — 1,750 psig 
Viscosity at 125°F — 0.72 cp 
East Texas Crude Oil 

Density at 70°F — 0.842 gm/cc 

Viscosity at 130°F — 3.4 cp 

Carbon Residue — Conradson — 3.0 per cent by 
weight 

Carbon Dioxide 
Density at 130°F and 1,300 psia — 0.4 gm/cc 
Viscosity at 130°F and 1,000 psia — 0.02 cp 


*Critical Temperature — 88°F : 
*Critical Pressure — 1,070 psia 
*Volume at 130°F and 1,300 psia — 2.2 ft?/lb mol 
*Volume at 80°F and 1,300 psia — 0.9 ft?/Ib mol 
*Data obtained from ‘'Some Properties of the Lighter 
Hydrocarbons, Hydrogen Sulfide, and Carbon Dioxide'', 
Sage & Lacey, Published by American Petroleum Institute, 
1955, 


each displacement test, the pressure in the core was 
dropped to atmospheric pressure and the core was 
flushed with brine or distilled water. In preparation for 
the next experiment the pressure in the core was raised 
above flood pressures by brine or water injection and 
the core was flooded again with several pore volumes 
of the desired oil to obtain the original oil in place. By 
this procedure, any gas phase (CO. or methane) was 
essentially completely removed from the core and the 
original oil-in-place saturation was obtained. New cores 
were used after a series of runs or after appreciable 
changes were noted in permeability or oil-in-place satu- 
ration. Material balances were made for each experi- 
ment and occasional checks were made on oil recovery 
data by extracting the cores and determining the amount 
of residual oil by distillation. 

Displacing fluids such as CO, and methane were in- 
jected in measured quantities from calibrated contain- 
ers. The CO, slugs and the water injected were measured 
at 75°F and 1,000 psig regardless of flooding condi- 
tions. In general, about three-fourths of the total CO, 
was contained in the slug and one-fourth in the water. 
Displacement rates of 15 to 25 ft/day were used in 
the short core tests. Rates of 5 to 10 ft/day were 
used in the long core tests. Displacement rates were 
controlled by a back-pressure regulator through which 
produced fluids were discharged. The floods were con- 
tinued to produce water-oil ratios of 100 : 1, at which 
point the pressure depletion of the core was started. 


During the displacement tests, the core effluent was 
collected in a Jerguson gauge where it could be ob- 
served and measured. In some of the experiments, sam- 
ples of the effluent were taken as the flood progressed 
and their compositions were determined. The volume of 
gases leaving the Jerguson recovery vessel was meas- 
ured under atmospheric conditions by means of a wet 
test meter. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The results of the experimental work are summarized 
on the figures and tables and are discussed in the fol- 
lowing sections of this paper. The phase behavior of 
CO, and the oils to be used im the displacement studies 
was investigated prior to the displacement tests, Prelim- 
inary displacement studies were conducted using Sol- 
trol as the oil in place in the cores. These were fol- 
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lowed by similar studies using crude oils. Most of the 
displacement experiments were made in the pressure 
range of 900 to 2,600 psig and temperature range of 
95* to. 165°F. 


The solubility of CO, in hydrocarbons at 125°F and 
at various pressures is shown in Fig. 1.’ The solubility 
varies with both molecular weight and type of hydro- 
carbon. In the solubility determinations made with the 
oils used in this study, CO, was added to a measured 
amount of oil at a constant pressure and temperature 
until equilibrium conditions were reached. The amount 
of CO, in solution with the oil at equilibrium condi- 
tions was then measured. With the crude oils used in 
this study, the CO, solubility showed a sharp increase 
with pressure up to about 1,600 psi and then a con- 
stant value as pressure was increased above 1,600 psi. 
At this point the crude-oil-rich liquid phase, which in- 
creased in volume as CO, was added, began to shrink 
due to the extraction or retrograde vaporization of 
lighter hydrocarbons into the CO.-rich gaseous phase. 
Fig. 2 presents typical results for a crude oil used in 
this study. On the basis of the volumetric behavior de- 
scribed above, it might be expected that CO, flooding 
of cores containing these crudes above 1,600 psi would 
show poorer results than at pressures below this point. 
This was not the case as will be shown later. 

Accompanying the volumetric expansion is a marked 
reduction in the viscosity of oil as CO, is dissolved. The 
viscosity of the West Texas crude oil was reduced from 
2.2 cp at 125°F and 1,300 psig to 0.5 cp when saturated 
with CO. under these conditions. The viscosity showed 
little additional change as the crude was further satu- 
rated with CO. at pressures from 1,600 to 2,600 psi. 


EXPERIMENTS WITH SOLTROL 

Preliminary displacement experiments were conducted 
on the sandstone and carbonate cores using Soltrol as 
the oil in place. Phase behavior studies were conducted 
on systems containing this C,, — C,, hydrocarbon and 
CO.. The results showed the conditions required for 
complete miscibility. A series of CO.-carbonated water 
floods at 95, 130, and 165°F, and at pressures above 
and below the pressure of complete miscibility, gave 
considerably higher oil recoveries than water floods 
under the same conditions (see Table 2). Slightly lower 
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Complete oil recovery was approached when single- 
phase conditions existed between oil and solvent, i.e., in 
Runs 3 and 7. Additional oil was recovered by pressure 
depletion after the CO,-carbonated water floods; the 
amount was a direct function of the oil saturation after 
the flood. 


Similar experiments were performed on the McCook 
dolomite cores (Table 2). With these cores oil recov- 
ery efficiency for all types of flooding was appreciably 
lower than with the sandstone cores. Also, ia a con- 
ventional water flood, much of the oil was produced at 
high water/oil ratios. CO,-carbonated water floods, in 
comparison with conventional water flooding, showed 
the same magnitude of increased oil recovery as was 
observed with sandstone. A comparison of Run 15 on 
the long core with other runs on the short core indicates 
that a smaller percentage of solvent would be required 
for longer flood paths. A higher oil recovery was ob- 
tained when the CO, slug was followed with carbon- 
ated water rather than plain water (Runs 13 and 14, 
Table 2). 


EXPERIMENTS WITH CRUDE OIL 


The experimental floods on crude oil systems were 
conducted at 130°F. These tests were conducted on 
cores saturated with crude oil, to provide a compari- 
son of (a) flooding with solvents alone, (b) flooding 
with carbonated water-driven CO, slugs, and (c) con- 
ventional water flooding. The following statements sum- 
marize the results presented in Table 3. 


1. Lower oil recovery efficiency is obtained on the 


TABLE 2—-LINEAR FLOODING EXPERIMENTS ON BEREA SANDSTONE AND McCOOK DOLOMITE 


Soltrol — Oil in Place 
Berea Sandstone Core __ Flooding a Oil Recovered — Per Cent N_ 
*Total CO» From 
Press. Temp. Injected Depletion After 
Run Type of Flood psig °F scf/bbl From Flood Flood Total Remarks 
1 56 1 COz slug-carbonated ‘water 1000 95 1700 88 1 89 
2 56 1 CO2 slug-carbonated water 1000 95 800 87 1 88 As 
3 56 1 CO» slug-carbonated water 1700 95 1700 94 2 96 Miscible flood 
4 56 1 Water flood 1715 95 — Al 0 4) 
5 56 1 Water flood 1370 130 — 38 0 38 
6 56 1 COz2 slug-carbonated water 1370 130 1700 81 4 85 rs, 
7 56 1 COs slug-carbonated water 1700 130 1160 90 2 92 Miscible flood 
8 53 1 Water flood 1250 168 — 36 0 36 
9 53 1 CO2 slug-carbonated water 1290 165 1650 79 3 82 
10 53 ] COs slug-carbonated water 1250 168 650 76 5 81 
McCook Dolomite Core 
11 53 0.7 Water flood 1300 130 none 33 — 33 
11A 53 0.7 Gas flood — Methane 1300 130 none 29 2 31 
0.7 CO2 slug followed by 
a * Carbonated Water 1300 130 1500 62 19 81 
3 0.7 CO2 slug followed by 
ye : Carbonated Water 1315 130 725 46 32 78 
0.7 COz2 slug followed by 
iS Plain Water 1325 130 700 42 12 54 
Wale, 130 800 63 15 78 Long Core Flood 


Carbonated Water 
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1300 
*Standard cubic feet of CO» per barrel of oil originally in place. 
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irregular porosity dolomite than on the uniform sand- 
stone. 

2. Water-driven CO, slugs give higher oil recovery 
than either CO, or carbonated water drive alone. 

3. Complete crude oil displacement (which has been 
observed using propane) is not attained using CO, at 
the temperature and pressures used in this study. 

This latter conclusion would be expected from the 
fact that crude oil and CO, are not completely mis- 
cible under the conditions of these floods. 

Figs. 3 and 4 show oil recovery vs total CO, in- 
jected in CO.-carbonated water floods in short and 
long sandstone and dolomite cores. Each core contained 
about the same amount of West Texas crude oil and 
water before each of the floods was made, but the 
initial oil saturation of the different cores varied be- 
tween 54 and 62 per cent V,. The oil recoveries given 
for zero CO, injection represent conventional water- 
flood recoveries. Total oil recoveries include both the 
flood and blowdown recoveries. These curves show that 
for given oil recoveries a smaller percentage of solvent 
is required in the longer cores. 

On the long cores a larger fraction of the total oil 
recovery was obtained at solvent breakthrough than 
with the short cores. Later breakthrough occurred de- 
spite the fact that the solvent and oil were not com- 
pletely miscible, and the CO, injected had a viscosity 
of about 0.03 cp under the conditions of these floods 
as compared to a viscosity of 2.2 cp for the oil being 
displaced from the cores. At this unfavorable viscosity 
ratio and particularly on the irregular porosity dolomite, 
fingering of solvent and premature breakthrough would 
be expected. 

Analysis of samples of the effluent taken from the 
long cores during CO.-carbonated water floods indi- 
cated that a light hydrocarbon bank was formed be- 
tween the driven oil and the carbon dioxide during the 
flood. For example, in one experiment a dolomite core 
7.5 ft long was used; this core initially contained 
the West Texas crude, free methane gas, and water. It 
was flooded with a slug of CO., followed by carbonated 
water at 1,300 psig and 125°. The composition of the 
core effluent at the leading and trailing edges of the 
solvent-oil bank is shown in Table 4. 

Initially, the dispersion of CO, into the oil is probably 
controlled by equilibrium phase behavior of gas and 
liquid. This dispersion and the bank of light hydrocar- 
bons formed appears to retard the fingering of the CO, 
and thereby reduces the amount of CO, required. The 
formation of the bank is believed to occur as a result 
of the selective extraction of light hydrocarbons by 
CO,. As this extraction takes place above the critical 
pressure and temperature of CO,, it can be called a 
retrograde vaporization of the lighter hydrocarbons into 
the CO, rich phase. 


EFFECT OF PRESSURE ON OIL RECOVERY 


The relation between pressure and the oil recovery 
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TABLE 3—LINEAR FLOODING EXPERIMENTS ON BEREA SANDSTONE AND 
VUGULAR DOLOMITE CORES 


(1,300 psig and 130°F) 
Oil Recovery, per cent N 


Fluid Injected Berea McCook 
Vp Sandstone Dolomite 


Type of Flood 
Conventional Water 


Flood To Water breakthrough oF, 21 

1 40 29 

4 4l 30 

Propane 1 76 71 

4 93 86 

Carbon Dioxide 1 62 53 

4 65 61 

Carbonated Water Water breakthrough _ a 
1 

2 50 

4 _ 54 

10 per cent Vp, COz Water breakthrough 63 59 

slug-carbonated 1 69 62 


water 4 71 63 
West Texas Crude Oil in Cores, Initial Saturation = 60 to 62 per cent Vp. 


obtained from CO.-carbonated water floods at 125°F is 
shown on Figs. 5 and 6. At this temperature, a consid- 
erable increase in oil recovery over that of a water flood 
was realized at 900 psig. Even greater recoveries were 
obtained from floods at higher pressures. Blowdown re- 
coveries were only slightly affected by the pressure at 
which the flood was carried out. An excess of CO, and 
carbonated water was used to obtain the maximum re- 
covery attainable for each pressure shown in Fig. 6. 


The residual oil content after CO.-carbonated water 
floods on the Berea sandstone cores is shown in Fig. 6 
as a function of original oil in place. Successive floods 
on the same core were made to obtain the interme- 
diate oil saturations shown. The oil in place values 
shown at zero per cent on the abscissa (oil recovered) 
are the oil saturations below which no oil can be re- 
covered by this process at the pressure indicated. Simi- 
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TABLE 4—COMPOSITION OF EFFLUENT AT LEADING AND TRAILING 
EDGES OF SOLVENT OIL BANK 


Leading Edge Trailing Edge 
Sample- Sample- 

Mol Per Cent Mol Per Cent 
Methane 60.0 
Ethane 19. 2.0 
Propane 10.0 1.0 
Butanes 4.2 0.3 
Pentanes 0.2 
Hexane and heavier 1 
Carbon Dioxide = Ya 93.0 


lar pressure to oil recovery relationships were found for 
floods on the irregular dolomite cores. 


EFFECT OF GAS SATURATION ON 
OIL RECOVERY 


Poettmann and Katz’ and others have shown that 
CO, and gaseous hydrocarbons are mutually soluble at 
elevated pressures. Therefore it was expected that the 
presence of gas, either in solution in the oil or as free 
gas in the pores of the rock, would have a marked ef- 
fect on oil recovery from CO, floods. In particular, 
high gas saturation in the permeable channels of the 
dolomite core was expected to reduce the efficiency of 
the process. To rmvestigate these effects of gas, experi- 
ments were run on cores which contained crude oil 
and free gas (Table 5) or simulated live reservoir oil 
(Table 6). These results are discussed in the follow- 
ing paragraphs. 

A West Texas stock tank oil was used as oil in place 
in the experiments shown on Table 5. Free gas satu- 
ration was attained in each of the cores by gas driving 
the core with methane to high produced gas-oil ratios. 
As the oil in place was stock tank oil, a portion of the 
gas dissolved in the oil so that the “gas saturation im 
core” values were calculated. To investigate further the 
effect of hydrocarbon gas on this flooding process, a 
blend of 15 per cent by volume of CH, and 85 per 
cent by volume of CO, (measured at 1,300 psig and 
125°F) was injected into a dolomite core and driven 
with carbonated water. The results are compared with 
a similar flood using 100 per cent CO, (Experiments 
23 and 24). It was noted that the oil recovery was 
only slightly lower when using the CO.-methane blend. 
The core used in Runs 22, 23, and 24 was driven to 
connate water with the West Texas crude oil. Satura- 
tions in this core were 71.1 per cent V, oil and 28.9 
per cent V, water. 

For the study shown on Table 6, stock tank oil and 
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simulated separator gas were recombined to a satura- 
tion pressure of 1,750 psig and 125°F. Formation vol- 
ume factors obtained on the recombined oil were 1.29 
at 1,800 psig and 1.19 at 1,300 psig. 

The cores were saturated with this recombined res- 
ervoir oil prior to the water and CO.-carbonated water 
floods. In Runs 29, 30 and 33, the core pressure was 
reduced from 1,800 to 1,300 psig before conducting 
floods. Oil and gas recoveries from the solution gas 
drive were measured and the gas saturation remaining 
in the core was calculated. The floods were made above 
the saturation pressure at 1,800 psig in Runs 31 and 32. 

A comparison of oil recoveries in Tables 5 and 6 
shows that dissolved or free gas, up to about 20 per 
cent HCPV, does not have any appreciable effect on 
the efficiency of the CO.-carbonated water floods in 
either the sandstone or the irregular porosity dolomite 
cores. Apparently, CO, channelling does not occur un- 
der these conditions because of the solubility of gaseous 
hydrocarbons in CO, and the solubility of this gaseous 
mixture in the oil. 


PERMEABILITY CHANGES 


Periodic checks on the dolomite core after flooding 
experiments revealed that the permeability of the core 
increased with the amount of CO, and carbonated water 
passed through the core. For example, one core showed 
a threefold increase in permeability to water after six 
CO.-carbonated water floods had been made. A total of 
about 0.7 pore volume of CO, and eight pore volumes 
of carbonated water had passed through the core dur- 
ing the floods. In field application of CO., the increase 
in permeability would occur primarily in the immediate 
vicinity of the injection wells. 

Phase behavior studies of CO, and crudes containing 
asphalt showed that an asphalt-rich phase was formed 
at high pressures and at temperatures above 100°F. The 
possibility of asphalt precipitation during displacement 
of crude oils by CO. was therefore considered. An East 
Texas crude containing considerably more asphalt than 
the West Texas crude (3.0 vs 1.2 per cent by weight 
Conradson carbon residue) was investigated. High pres- 
sure CO.-carbonated water floods on a Berea sandstone 
containing this East Texas crude showed recoveries 
similar to those obtained with the less asphaltic crude. 
There was no evidence of asphalt precipitation in these 
experiments. However, it was noted that the density of 
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the crude remaining after the CO,-carbonated water 
flood at 1,710 psig was higher than that of the original 
crude (0.856 vs 0.845 gm/cc at 60°F). These observa- 
tions, together with phase studies of CO.-crude oil sys- 
tems, indicate that asphalt-rich phase formation may 
be an important consideration with oils having higher 
asphalt-resin contents than those shown here. 


PRESSURE DEPLETION (BLOWDOWN) RECOVERY 


In all the experiments in which CO, slugs and car- 
bonated water were used as flooding agents, additional 
oil was produced by reducing the pressure in the cores 
after completion of the floods. The amount of additional 
oil varied from about 6 to 15 per cent of the original 
crude in place for the long core experiments. The 
amount was dependent upon the degree of carbonation 
of the water that followed the CO, slug. This oil was 
produced in relatively large slugs, accompanied by gas 
and water, after an initial period of water production. 
Gas-oil and water-oil ratios were not excessive during 
the oil production period (less than 40:1). Oil re- 
covery by blowdown was realized with both the long 
and short sandstones and dolomite cores. This blow- 
down recovery was not appreciably affected by the 
rate of pressure depletion except on the short dolomite 
cores. 

Other investigators’” have noted exceptionally high 
oil recoveries by pressure depletion of short irregular 
porosity cores; the more irregular the core the greater 
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the recovery at high rates. In the present studies, oil 
production by solution gas drive and from blowdown 
after CO.-carbonated water floods was exceptionally 
high at high rates of pressure depletion on the short 
dolomite cores. Such unrealistic oil recoveries were not 
observed on the long dolomite nor on the sandstone 
cores. The rates of pressure depletion referred to above 
range from about 100 psi per hour for the fast rate 
to about 4 psi per hour for the slow rates. Although 
this lowest rate is high compared with field rates, some 
blowdown recovery is expected during field operations 
because the long core experiments showed that blow- 
down recovery was practically independent of rate. 


CONCE Us 


1. Solvent flooding with relatively small quantities 
of CO, followed by carbonated water at pressures above 
900 psig resulted in oil recoveries that were from 50 
to 150 per cent greater than those obtained by conven- 
tional water flooding or solution gas drive. These im- 
proved recoveries were realized at temperatures above 
100°F on uniform porosity sandstone and irregular 
porosity carbonate rock. 

2. The amount of CO, required decreased (percen- 
tagewise) as the length of the linear flooding path was 
increased and as flooding pressure was increased. 


3. The amount of oil recovered showed a small but 


TABLE 5—EFFECT OF FREE GAS SATURATION—BEREA SANDSTONE AND McCOOK DOLOMITE CORES 


Sandstone Core — 7.5 ft long 


Dolomite Core—0.7 ft long 


Dolomite Core-7.5 ft long 


3 3 
23 23 ic 
uw 
CO2-Carbonated CO2-Carbonated CO2-Carbonated COz2-Carbonated 
Water Flood < Water Flood Water Flood > S. ater 
Run Number 16 17 18 19 20 21 22 23 24 25 26 27 238 
Gas Saturation in Core Before 
CO2z Flood * per cent HCPYV none none 10 none none 18 none none none none none 18 none 
Total CO2 Injected 
scf/bbl of Reservoir Oil — 480 500 — 1500 1500 — 2700 2700 — 190 310 425 
Slug — per cent Vp 7.1 18 18 30 30** 6 7 8.1 
Oil Recoveries (Cumulative) 
per cent 
CO2 Flood 
At COs Breakthrough — 35 33 — 19 46 — 22 20 = 45 44 44 
At WBT 32 59 62 24 49 52 28 47 45 21 53 59 57. 
At 100/1 WOR 39 65 66 33 52 54 37 65 62 29 54 62.5 61 
Total Oil (Including Blowdown) 39 74 73 33 84 82 37 84 83 29 58.5 70 70 
Oil Saturation Before Blowdown 
per cent Vp 35.0 18.3 17.8 34.6 28.1 27.0 44.9 24.9 27.1 34.1 22.0 18.0 18.7 
Oil Saturation After Blowdown 35.0 iss 14.1 34.6 5 10.6 44.9 11.6 12.5 34.1 242 14.4 14.4 
Injection Rate (ft/day) 10 10 10 20 20 20 20 20 20 5 5 5 5 
All Floods at 1,300 psia and 125°F 
*Gas saturation obtained by methane injection — calculated 
**COz2 slug contained 15 per cent by volume methane at 1300 psig and 125°F 
***To obtain gas saturation in core prior to CO: flood 
TABLE 6—CARBON DIOXIDE FLOODING, McCOOK DOLOMITE AND BEREA SANDSTONE, 125°F 
Dolomite Core — 7.5 ft long Sandstone Core 0.6 ft long 
Water CO2-Carbonated Water CO2-Carbonated 
Flood Water Flood Flood Flood Water 
Run Number 29 30 31 32 33 
Original Oil In Place* at 1,800 psig — per cent Vp 34.5 335 45.0 45 0 46 0 
Oil Recovery by Pressure Depletion to 1,300 psig — per cent N 16.9 16.9 chs one 3.0 
Gas Saturation After Depletion to 1,300 psig — per cent Vp 9.3 8.9 — = 78 
Oil In Place at 1,300 psig — per cent Vp 28.6 28.0 — 42.4 
CO2 Flooding 
CO2z Injected — per cent Vp none 7.8 none 15.0 15.3 
Oil Recovery from Flood — per cent N at 1,300 psig 10.1 48.1 44 69 69 
Oil Saturation After Flood — per centVp at 1,300 psig 14.5 13.9 
Oil Saturation After Flood and Blowdown to 300 psig — per cent Vp 25.6 IES 25i2 ie 
Oil Saturation After Flood and Blowdown to atmospheric pressure — per cent Vp 25.6 9.4 — 1255 "i 
All oil saturations in terms of steck tank oil ‘ 
ye ae West Texas reservoir oil saturation pressure 1,750 psig 
ctual reservoir oil in place = 25.7 X B = 25.7 X 1.19 = 30.6 > 
***Flood made at 1,800 psig 
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steady increase as the pressure of the flood was in- 
creased above 1,000 psi. 

4. Considerable oil production was obtained by pres- 
sure depletion of the cores following the CO.-carbonated 
water floods. This additional oil recovered amounted 
to 6 to 15 per cent of original oil in place. 

5. When carbonated water rather than plain water 
was used to drive the CO, slug, higher oil recoveries 
were obtained during the blowdown period. 

6. Oil recovery is a function of the mutual solubil- 
ity of reservoir oil and CO,. When reservoir temper- 
ature and pressure are such that complete miscibility 
between oil and CO, exists, complete pore displacement 
of oil results. 

7. Petroleum oils containing asphaltic materials (3.0 
per cent Conradson carbon residue or less) are dis- 
placed at high recovery efficiencies at pressures above 
about 900 psi. 

8. Neither the presence of methane (up to 15 per 
cent by volume) in the CO, slug nor high gas satu- 
ration in the porous medium appreciably reduces the 
efficiency of the CO.-carbonated water process. 

9. A bank of light hydrocarbons is formed by the 
CO.-carbonated water flood which partially accounts 
for the efficiency of this oil recovery process. 

10. CO.-carbonated water flooding increases the per- 
meability of carbonate rock. 


B = formation volume factor 
N = per cent original oil in place 
V, = per cent pore volume 

per cent HCPV = per cent hydrocarbon pore 


volume 
SBT = solvent breakthrough 
GBT = gas breakthrough 
WBT = water breakthrough 
WOR = water-to-oil ratio 


*See AIME Symbols List in Trans. AIME (1956) 207, 368, for 
other symbol definitions. 
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scf/bbl = standard cubic feet per barrel 
of oil in place 


The author acknowledges the efforts of those people 
at the Research Center of The Pure Oil Co., whose work 
on this project has made this paper possible. Acknowl- 
edgment is also made to D. C. Bond and L. J. O’Brien 
for their valuable suggestions and help in the prepara- 
tion of the paper. 
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Phenomena Affecting Drilling Rates at Depth 


A. J. GARNIER 
N. H. van LINGEN 


ReAC T 


Rock downhole is known to be less drillable than 
when brought to the surface. This must be ascribed 
mainly to the presence under downhole conditions of 
a pressure differential across already made chips, which 
hinders their being lifted. The pressure differential has 
partly a static and partly a dynamic origin. Balling-up 
of bits is another consequence of this pressure dif- 
ferential. 

Reduction in penetration rate owing to an increase in 
the strength of the rock is governed by the difference 
between the mud pressure and the pressure of the for- 
mation pore liquid. Rotationally symmetric geostatic 
stresses have no effect on drillability. 


Fracture of rock when drilling will be brittle in most 
cases. 

The above is supported by laboratory drilling experi- 
ments with drag bits and roller bits at elevated mud, 
pore, and confining pressures on rocks differing in 
strength and permeability. 


OUN 


In oil well drilling drillability of rock is found to 
decrease with increasing depth of the hole. Naturally 
deep rock will be more compacted and, therefore, 
harder to drill than shallow rock of the same type. 
However, apart from this the drillability of a sample 
of deep and compacted rock brought to the surface is 
generally much higher than in its original location 
downhole. In view of the economic implications of this 
reduction in drillability, it seems worthwhile to analyze 
its causes. 


The origin clearly has to be sought in the difference 
of environment. The only conceivable factors would 
seem to be the presence of mud under pressure, the 
pressure of the formation pore liquid, and the over- 
burden of the rock. 

Down the borehole the rock is compressed triaxially 
by mud pressure and overburden. It is well known 
that the strength of rock is increased when confined 
by external pressure’, Various authors have, therefore, 
ascribed the difference in drillability mainly to the 
strengthening of rock by triaxial compression.** 

Another factor, mentioned by Bobo and Hoch’, is 
that forces, including “pressure differential forces”, 
tend to hold a dislodged particle in place. However, the 


Original manuscript received in Society of Petroleum Engineers 
office July 9, 1958. Revised manuscript received May 15, 1959. Paper 
presented at 33rd Annual Fall Meeting of Society of Petroleum 
Engineers in Houston, Tex., Oct. 5-8, 1958. 

1References given at end of paper. 


232 


KONINKLIJKE/SHELL LABORATORIUM 
AMSTERDAM, THE NETHERLANDS 


conditions determining their magnitude are not clarified 
nor is their effect on drilling rate assessed. 


In the laboratory, drilling experiments on pressurized 
samples of rock yielded evidence that pressure differ- 
ential forces holding the chips down are the major 
factor in reducing rate at depth. This paper describes 
the experiments and shows how the results enable both 
a qualitative and a quantitative interpretation of the 
factors determining the effect of chip hold-down on 
drilling rate. The implication with respect to balling-up 
and jet action is also discussed. 


EO 


The greater part of the experiments were performed 
in the pressure vessel shown in Fig. 1. The space 
between the sample of rock and the vessel is divided 
by “O” rings into three separate chambers. The rock 
sample is confined laterally by pressurized oil in the 
middle chamber. Penetration of oil into the sample is 
prevented by partly jacketing it with brass foil. The 
pressure of the drilling fluid in the hole can be ad- 
justed via the upper chamber. Permeable rock speci- 
mens are water saturated before being drilled. With a 
properly plastering mud as drilling fluid the pressure 
of the pore water can be adjusted independently via the 
lower chamber. 


rpm upto 236 


_Mud pressure up to 150 kg/cm 


Confining pressure up to 300 kg/cm 


Foil 


Saturated rock sample 


Pore pressure up to 150 kgéem* 


Hydraulic table lift 
Bit load upto 3kgtons 


Fic, 1—Pressure VesseL with 114-1n. Drac Bits. 
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The drilling fluid is not circulated, This gives no 
difficulty when drilling with drag bits over a short dis- 
tance. 

Use was made of 1'%4-in. drag bits as shown in 
Fig. 1. The cutting edges are of sintered tungsten car- 
bide; they have a negative cutting angle of 5° and a 
relief angle of 15°. 

Experiments in this pressure vessel indicated the 
pressure of the drilling fluid, even when low, to have a 
dominant influence on penetration rate. For further 
investigation a hood-like structure was made in which 
only mud pressure could be elevated (Fig. 2). This 
enables larger bits to be run with circulating drilling 
fluid. The desired pressure of the mud in the bore- 
hole is maintained by throttling the outflow of the mud. 

The following bits were run under the hood: (1) 
drag-type core bits, 3%-in. X 2 5/32-in., with three 
tungsten carbide tipped wings (Fig. 3A) and cutting 
angles varied from —5° to +10°, relief angle 15° in 
all cases; (2) a diamond core bit, 3%6-m. X 214-in., 
having 30 carat of large Congo rounds of approximately 
0.5 carat each; and (3) three-cone 3%-in. roller bits, 
both conventional and jet-type, see Fig. 3B. 

The drilling fluid was either water or a water base 
mud with 19 per cent weight kaolinite and 5 per cent 
weight bentonite. The main properties of the rocks 
used are listed in Table 1. 


EFFECTS OF MUD, PORE AND 
CONFINING PRESSURES 


The experiments to determine the effects of mud, 
pore and confining pressures are performed with 1% -in. 
drag bits in the 300 kg/cm’ pressure vessel (Fig. 1). 


EQuaL Mupb, PORE AND CONFINING PRESSURES 

Penetration rate as a function of the magnitude of the 
three equal pressures is plotted in Fig. 4. 

When drilling with water, penetration rate in the 
fairly permeable rocks is not affected by pressure. The 
penetration rate in the only slightly permeable Belgian 
limestone, however, shows a continuous decrease at 
increasing pressure. 

When drilling with mud, penetration rate decreases 
also for the more permeable rocks, but only up to a 
certain pressure, in this case 43 kg/cm’. Above this 
pressure no further reduction takes place, and the 
curve is horizontal. 

In Belgian limestone the continuously dropping curve 
for mud coincides fully with that for water. 

The observed reductions in penetration rate cannot 
be explained on the basis of strengthening of rock. 
Strengthening at equal confining and pore pressures 
can only be expected above several thousand kg/cm’.’ 

A downward force of static origin on an already 


Circulation rate up to 2501 /min 
is 


“Mud pit 


Hydraulic table Lift 
Bit load up to 3kgtons 


Fic. 2—Hoop ror 3%.-1N. Bits. 
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Fic. 4—PenetraTiIon Rate Aas A FuNcTION OF 
PRESSURE. 


made chip must be absent, as mud pressure equals 
pore pressure. However, a downward force of dynamic 
origin can arise from the process of chip removal. 
On this basis the observations may be explained as 
follows. 

When a chip is being lifted, after the bit has made 
the crack around it, full vacuum will be created under 
the chip unless sufficient liquid can be supplied to fill 
the opening crack. 

The liquid can be supplied: (1) by drilling fluid 
flowing into the crack, (2) by filtrate flowing through 
the pores of the chip, and (3) by pore liquid flowing 
through the pores of the rock. Supply 1, along the 
crack, initially meets infinite flow resistance as the 
initial width of the crack is zero. The more the amount 
of Supply 2 (through the chip) is reduced, the better 
the plastering of the mud and the lower the permeability 
of the chip. Supply 3, by pore liquid, will thus be the 
main one for a permeable rock drilled with an effect- 
ively plastering mud. 

With nearly impermeable rock like the Belgian lime- 
stone practically no liquid is supplied at all; conse- 
quently full vacuum is created under the chips. Not- 
withstanding the absence of a difference between mud 
and pore pressures, a chip is thus held down by a dif- 
ferential pressure equaling the full mud pressure. This 
may explain the reduced penetration rate observed. 

For the more permeable rocks drilled with mud the 
supply of liquid is still insufficient at low pressures. 
When the opening crack is not filled, full vacuum 
occurs under the chip and penetration rate is reduced 
correspondingly. However, when the pore pressure is 
raised to 43 kg/cm’, this differential pressure just suf- 
fices to fill the opening crack with pore liquid. At still 
higher pore pressures the difference between the latter 
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and the pressure in the crack will remain 43 kg/cm’ 
and penetration rate will not further be affected. 

With water as drilling fluid the supply of water 
through the chip apparently meets so little flow resist- 
ance in the permeable rocks that no pressure differen- 
tial and thus no reduction in penetration rate occurs 
at all. With the nearly impermeable rock this route 
remains blocked, and penetration rate is just as much 
reduced as with mud. 

It is notable that the penetration rates expressed as 
a percentage of those under atmospheric conditions are 
found to be the same for all three rocks, when con- 
ditions are such that full vacuum occurs under all 
chips (Fig. 5). 

It seems probable that the supply of liquid to opening 
cracks will depend on the scraping speed of the bit. 
When drilling the Vaurion limestone at 32 rpm with 
mud, a pressure differential of 43 kg/cm* was required 
to keep the opening crack filled with liquid. The 
required pressure differential may be expected to be 
greater, the greater the flow required; that is, the greater 
the speed of chip removal, the greater the rotational 
speed. This was checked experimentally. 


Fig. 6 shows the effect of speed on the penetration 
rate in Vaurion limestone at pore, mud and confining 
pressures of 125 kg/cm’, expressed as a percentage of 
the penetration rate under atmospheric conditions at 
equal rotary speeds. With increasing speed this pene- 
tration rate decreases in accordance with the increasing 
dynamic pressure differential. A limit of 45 per cent 
is reached at a speed of some 130 rpm. Presumably 
above this speed full yacuum occurs under all chips. 
This is confirmed by the fact that at the pressure of 
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125 kg/cm’ Belgian limestone shows the same relative 
penetration rate (Fig. 5). 


PorE PRESSURE LOWER THAN MuD AND 
CONFINING PRESSURES 


To approach more closely field conditions, in the 
next series. of experiments the pore pressure was kept 
lower than the mud pressure, but the lateral confining 
pressure was kept equal to the mud pressure. Fig. 7 
shows the results in the case where the pore pressure 
is atmospheric. Comparison with Fig. 4 will show that 
this results in a further reduction of penetration rate. 


With the mud cake forming an extension of the 
jacket, the rock sample can be considered fully jacketed 
while confined by uniform external pressure at zero 
pore pressure. Under these conditions an increase in 
strength of the rock is known to occur. Kiihne and 
Liibben* found in the pressure range of interest the 
compressive strength of jacketed samples of Obern- 
kirchener sandstone at zero pore pressure to increase 
by an amount equal to five times the confining pressure. 


No data are available from compression tests on 
confined samples of Vaurion and Belgian limestone. 
Data given by various authors on other limestones 
refer to much higher confining pressures, making inter- 
polation for the range of interest rather uncertain. 
Nevertheless, it can be reasonably assumed that the 
compressive strength of Vaurion and Belgian limestone 
at zero pore pressure also equals the atmospheric 
strength plus some five times the confining pressure. 


The next step is to determine the effect of increased 
rock strength on penetration rate. In atmospheric drill- 
ing tests the relationship between penetration rate, a, 
and bit load, P, invariably appears to be a linear one 
for drag bits. The slope of the curve is a measure for 
the strength of the rock drilled. Assuming all strength 
criteria to have a fixed ratio, the slope will be inversely 
proportional to the compressive strength S. This will 
not hold for ductile rocks. However, ductility of rock, 
when drilling, occurs only exceptionally (see Appen- 
dix). Hence, for a bit of diameter d 

a=k, kid 
where k, and k, are dimensionless constants depending 
on the form of the drag bit. They were determined 
from tests on Obernkirchener sandstone for which 
Kiihne and Liibben* found a compressive strength of 
1,000 kg/cm’. For the bits used in the present experi- 
ments k, and k, were slightly variable, depending on 
sharpness. Once the k’s were known the value of § for 
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other rock could be determined from atmospheric drill- 
ing tests. These are the values listed in Table 1. 


By means of the formula, reduction in penetration 
rate can be calculated which may be expected from 
the increased strength of the rock. The result for 
Vaurion limestone is shown by the dotted curve in 
Fig. 7. The experimentally found values are appre- 
ciably lower which indicates that another effect further 
reduces the penetration rate. Again an explanation can 
be found in a downward force acting on already made 
chips. This time the differential pressure across the 
chips is static and, of course, equals the mud pressure 
since the pore pressure is atmospheric. (Strictly speak- 
ing, there will be an additional dynamic hold-down 
pressure of 1 kg/cm’ as the pore pressure of 1 kg/cm* 
is msufficient to fill an opening crack with liquid, and 
full vacuum occurs under the chips.) 


Penetration rate may be plotted as a percentage of 
the calculated rate expected if only strengthening were 
to occur. Thus, a curve for the effect of static hold- 
down as a function of mud pressure is obtained (Fig. 
8). For all rocks tested, this curve fully coincides with 
the curve found for the effect of dynamic hold-down 
pressure when full vacuum prevails under all chips. 


Apparently the reduction in penetration rate due to 
differential pressure across an already made chip is, 
for all rocks examined, the same function of that dif- 
ferential pressure, irrespective of whether its origin is 
static or dynamic. 


This suggests that in the case where the pore pres- 
sure is in between atmospheric and mud pressure, 
where the pressure differential across a chip is of mixed 
origin, it is in fact the total pressure differential that 
matters. This much is confirmed by the results of experi- 
ments in Table 2. These experiments in Vaurion Jime- 
stone were done at mud and confining pressures of 
125 kg/cm’, whereas pore pressure was varied from 
125 kg/cm’ to atmospheric. 

The static hold-down pressure, Column 3 of Table 2, 
equals the difference between mud and pore pressure. 
The dynamic pressure differential for this rock when 
drilled at 32 rpm with the drag bit never exceeds 43 
kg/cm* (Column 4), this being the pressure required 
to force sufficient pore liquid under the chip. The 
effective stress causing strengthening of the rock equals 
the difference between the uniform external pressure 
of 125 kg/cm’ and the pore pressure (Column 6). The 
increment of compressive strength has been taken as 
five times this amount. Reduced penetration rate due 
only to strengthening can be calculated from the 
formula. The further reduction due to hold-down pres- 
sure can be read from Fig. 5 (solid line). The agree- 
ment between expected and experimental penetration 
rate is striking. 


LATERAL CONFINING PRESSURE; AXIAL STRESSES 

The next step in gradually complicating test condi- 
tions towards actual borehole conditions is the varia- 
tion of lateral confining pressure independently of mud 
and pore pressure. Since this will affect the stress 
pattern in the specimen at the hole bottom, the profile 
of the latter may be supposed to be of possible in- 


TABLE 1 
effective 
compressive permeability porosity 
strength kg/cm? md per cent 
Belgian limestone 3,600 <0.05 0.5 
Vaurion limestone 1,250 Us 13. 
Obernkirchener sandstone 1,000 ae 18. 
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fluence. Three bits with different profiles were there- 
fore used (Fig. 1), all at 32 rpm. 

In the pressure vessel of Fig. 1 the confining pres- 
sure also creates axial stresses in the specimen. More- 
over, axial stresses are introduced via the O rings by 
tightening the bolts which hold the cover. However, on 
account of boundary conditions the axial stresses must 
be zero at the bottom of the hole except for the extreme 
outer radius. In fact, more or less tightening the bolts 
has no effect on penetration rate. 

The results obtained at zero mud and pore pres- 
sures with lateral confining pressure zero and 300 
kg/cm’, respectively, are shown in the upper section of 
Table 3 for Belgian and Vaurion limestone. It appears 
that lateral confining pressure has no systematic influ- 
ence on the drilling rate of any of the three types of 
bits. At 125 kg/cm* mud pressure and zero pore pres- 
sure, confining pressure again has no effect on penetra- 
tion rate as will be seen from the lower part of Table 3. 

The reduction in penetration rate at 125 kg/cm’ 
mud pressure originates from both strengthening of the 
rock and static hold-down of chips. Apparently both 
these effects are independent of the lateral confining 
pressure. 


It now can be stated as a general conclusion that, 
in the case of a rotationally symmetric confining pres- 
sure down the hole, the strengthening of the rock just 
ahead of the bit is completely governed by the differ- 
ence between mud and pore pressure and is not influ- 
enced by lateral confining pressure or axial stresses. 


‘TORQUE 

The torque data obtained were widely scattered. This 
prohibited their quantitative interpretation. Qualita- 
tively, however, torque increased at all conditions of 
mud and pore pressure where penetration rate decreased. 

Fig. 9 gives the torque data obtained from tests in 
Vaurion limestone at 32 rpm and 500 kg load on bit. 
The torque increases from 4.5 to 11 kg when mud 
pressure is raised from zero to 125 kg/cm’ at atmo- 
spheric pore pressure. Under these conditions the pene- 
tration rate drops from 5 mm/rev to 1.4 mm/rev (see 
Fig. 7). 


EFFECTS OF BIT SHAPE AND BIT TYPE 


CUTTING ANGLE OF Drac BiTs 

The great influence of chip hold-down on penetration 
rate has been demonstrated from results obtained with 
a certain type of drag bit having a negative cutting 
angle. Drag bits in the oil field have, at least initially, 
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Hold-down pressure 


Penetration rate 


as reduced by 


Mud 
Pore Compr. Strength- Hold- 
pressure pressure Static Dynamic Total Apm. strength ening down Final samen 
kg/cm? kg/cm? kg/cm? kg/cm” kg/cm? kg/cm? kg/cm? mm/rey per cent mm/reyv mm/re 
125 125 0 43 43 0 1250 5.0 60 3.0 3.0 
125 100 25 43 68 25 1375 4.5 51 233 Qu 
25: 75 50 43 93 50 1500 4.1 47 ile 1.9 
125 50 75 43 118 75 1625 3.7 45 Le 6 
125 25 100 25 125 100 1750 3.4 45 1.5 1.5 
125 0 125 0 125 125 1875 PA 45 1.4 1.4 
TABLE 3 sures, a bit having a large positive cutting angle is to 
Lateral Penetration rate per cent be preferred 
Bit Mud Pore conf. 
load press. press. press. Bit a Bit b Bit c, 
Rock ka kg/cm? kg/cm* kg/cm? (see Fig. 1) DIAMOND BITs 
Belgian 700 0 0 0 100 100 100 : : = : 
0700 0 0 360 91 98 135 diamond bit akin a 
it but its cutting edges have a pronounced negative 
limestone 500 0 0 300 104 110 90 z & & P 8 
Belgian 700 125 0 ) 38 34 42 cutting angle. 
limestone 700 125 0 300 34 37 42 
Vaurion 500 125 0 0 28 24 30 In the light of the preceding it may, therefore, be 
limestone 500 125 0 300 26 24 31 


a positive cutting angle. The question, therefore, arises: 
what influence does the cutting angle have on pene- 
tration rate? 

Under atmospheric conditions this influence has 
appeared negligible. For investigating whether this also 
holds at elevated pressures the small 1%4-in. full-hole 
drag bits are not suitable. Because a port of a cutting 
edge describes a helix when penetrating, the cutting 
angle is increased by the helix angle. The helix being 
steeper towards the center, the effective cutting angle 
varies appreciably along the cutting edge. Moreover, it 
depends on the penetration rate. 

For the larger drag-type core bits as shown in Fig. 
3a, nominal and effective cutting angles are nearly 
equal, owing to the narrow blades and the high ratio 
between bit’s circumference and pitch of the helix. 

Results, obtained with the core bits run under the 
hood of Fig. 2 at 25 kg/cm* mud pressure and zero 
pore pressure, are shown in Fig. 10 and are again 
expressed as percentages of the penetration rate ob- 
tained under atmospheric conditions. 

The reduction in penetration rate must be ascribed 
to chip hold-down since the increase in compressive 
strength for the Belgian limestone at the differential 
pressure of 25 kg/cm* amounts to only 3 per cent. The 
effect of hold-down is very pronounced at the negative 
cutting angle of 5°, and becomes markedly less with 
increasing cutting angle. Apparently, at elevated pres- 


kgm 
10 
8 
| 
(2 
4 
2 
32rpm 
Atmospheric pore pressure 
Vaurion limestone bit load 500kg 


0 25 50 75 400 125 
Mud pressure 


Fic. 9—Torque as A Function or Mup Pres- 
SURE AT ATMOSPHERIC Pore PRESSURE. 


236 


expected that the penetration rate for a diamond bit 
will also be seriously affected by mud pressure. Fig. 11 
shows that this is indeed the case. 


ROLLER BITs 


Roller bits perform their action mainly by crushing 
and only partly by scraping. Under atmospheric con- 
ditions chips fling away from the penetrating teeth. 
When the mud pressure is raised, however, the chips 
will be held in place by a pressure differential across 
them and the vertical penetration of a tooth will be 
seriously reduced. The scraprmg action must also be 
reduced, as this action is performed with a tooth of 
strongly negative cutting angle. 

Figs. 12 and 13 show the effect of hold-down on the 
penetration rate of a 37%-in. conventional roller bit as 
a function of mud pressure and bit load, respectively. 
In contrast to the findings for drag bits those for the 
roller bit show that the effect of hold-down does depend 
on bit load. It will be noted that with the low pressures 
applied strengthening of the Belgian limestone is negli- 
gible. 

In the field, jet bits have often proved superior to 
bits of conventional type. As will be shown in the next 
paragraph, jets are effective in the prevention of ball- 
ing-up. They may, however, also affect the hold-down 
of chips. 

Roller bits of another type were provided with jets. 
In Belgian limestone at 1,500 kg bit load, 32 rpm and 
25 kg/cm* mud pressure in the hole, the penetration 
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rate was some 65 per cent of the rate under atmos- 
pheric conditions when the circulation rate was 50 
liter/min or more. With the nozzles at the usual posi- 
tion this figure is tadependent of circulation rate, except 
that balling-up occurs when it is below 50 liter/min. 
Even after nozzles of 5 mm had been replaced by 4 mm 
and 3 mm nozzles, respectively, jetting was shown to 
have no marked effect on hold-down. 

With protruding nozzles, however, the jets do reduce 
the chip hold-down (see Fig. 14) from the increase in 
penetration rate of the same type of bit from 65 per 
cent of the atmospheric rate at a circulation rate of 50 
liter/min to 90 per cent at 250 liter/min. The opening 
of these nozzles are only 16 mm above hole bottom 
(see Fig. 3). Agam, the nozzle diameter has no syste- 
matic influence. 
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Finally, under atmospheric conditions jets have no 
effect on penetration rate for the rocks used. 


The experiments with the 1'%4-in. drag bits have 
shown that the cuttings of all rocks so far used ball-up 
into lumps whenever the mud pressure is elevated. 
This is the case even when loose sand and mica flakes 
are drilled under equal mud and confining pressures at 
zero pore pressure. 

The experiments under the hood with drag-type 
core bits and conventional roller bits also showed severe 
balling-up at circulation rates up to some 150 liter/min, 
whereas it was absent under atmospheric condition 
even at the lowest circulation rates applied (40 liter/ 
min). 

Fig. 15 shows the cuttings obtained from drilling 
with the 37%-in. core bits in Vaurion and Belgian lime- 
stone. Fig. 15a shows cuttings from atmospheric tests 
and Fig. 15b shows the lumps obtained when mud 
pressure was raised to 25 kg/cm’. After these lumps 
had dried, they could easily be crumbled and were 
shown to be composed of the small size cuttings shown 
in Fig. 15c. 

The following explanation is suggested for this ball- 
ing-up phenomenon. 

With drag bits the chips will slide upwards along the 
bit face, being pushed up by succeeding cuttings. The 
fluid pressure at the chip-bit contact surface equals 
the pore pressure im the chips, as reduced by dynamic 
hold-down. The difference between the mud pressure 
and this pore pressure forces the chips against the bit 
face and presses the chips together. The mud will 
plaster only the exposed surface of the chips. The 
filtrate from the mud cake will soon increase the pore 
pressure in the cohering chips, thus reducing the con- 
tact pressure, until a lump of mud-plastered cuttings 
can be sheared off. With roller bits the chips will in a 
similar way adhere to the teeth, will be pushed up 
and will accumulate between the teeth. In slightly per- 
meable and impermeable rocks there will be little or no 
filtration, the contact with the bit will last longer and 
the bit will become correspondingly more and more 
balled-up. This is fully in agreement with field experi- 
ence where severe balling-up often occurs, especially 
when drilling shale. 

One of the effects of jet action is the prevention of 
balling-up. Under the hood at 25 kg/cm* mud pressure 
the 37%-in. conventional roller bit tends to ball-up 
whenever the circulation rate is reduced below some 
150 liter/min, whereas for the same mud pressure the 
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jet bit remains clean at a circulation rate of only 50 
liter/min or over. These figures are valid for the rocks 
listed in Table 1. For softer and less permeable rock 
they may have to be greater. 

Experiments done with the drag-type core bits, dia- 
mond bit and conventional roller bit previously de- 
scribed were at circulation rates at which no balling-up 
occurred. 


APPLICATION TO OIL WELL DRILLING 


Before the preceding can be applied to oil well drill- 
ing, it is necessary to analyze what pressures and 
stresses prevail downhole. 


In a permeable formation undisturbed by a borehole, 
the total overburden results in the hydrostatic pressure 
of the formation pore liquid and in a geostatic stress 
system on the matrix of the rock.* 


The hydrostatic pressure of the pore liquid, p,, 
generally equals the fluid head of a (salt) water column 
of height equal to the local depth. Apart from local dis- 
turbances, one of the principal stress components of 
the geostatic system, p,:, is vertical and equal to the 
submerged weight of the column of rock, of unit cross- 
sectional area. If tectonic forces are absent, the plastic 
—or rather viscous—behavior of the formation during 
the ages will equalize the stresses and those in the 
horizontal plane become equal to the vertical stress. 
More usually, however, the horizontal principal stresses 
on the matrix of the rock, p,. and p,;, differ from each 


*As usual with porous media, the liquid pressure is reckoned to 
act in each cross-section on the full area irrespective of pore space. 
Thus, the effective matrix stresses are equal to the remaining forces 
per unit of full cross-sectional area. 
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other, and can range trom slightly tensile to several 
times the vertical compressive stress p,, (see Fig. 16a). 

When a borehole is drilled into this permeable for- 
mation, the pressure of the mud, p,, is more than suf- 
ficient to balance the formation pore pressure (Fig. 
16b). The.excess, p, — p, or Ap,, is transferred to the 
matrix of the rock via the mud cake and in this way 
partly balances the geostatic stress system. This excess 
contributes, to the stresses in the matrix, a uniform 
triaxial system of magnitude Ap, (Fig. 16c). Super- 
imposed is a stress system consisting of the still un- 
balanced part of the geostatic stresses. The components 
of this system, thus, are at a great distance from the 
hole p,, — APn; Por — APm, and — (Fig. 16d). 
At the boundary and in the vicinity of the borehole 
this system gives rise to stress concentrations on the 
matrix of the rock. 


It remains for us to consider what effect the pres- 
sures and stress systems have in increasing the strength 
of the rock just ahead of the bit. Comparison of com- 
pression tests under confining pressure on unjacketed’ 
and jacketed specimens* within the pressure range of 
interest shows that only the stresses on the matrix of 
the rock are decisive for strengthening (Figs. 16c 
and d). 

This is confirmed by the drilling experiments, the re- 
sults of which are listed in Table 2. In consequence, 
the stress pattern at the bottom of the hole that results 
from the two matrix stress systems mentioned will be 
responsible for any strengthening ahead of the bit. 


As to the stresses at great distance from the hole 
the experiments of Table 3 proved the horizontal 
stresses to have no effect in the case of rotationally 
symmetric distribution. Axial stress, we have seen, had 
no effect either. The unbalanced part of the geostatic 
stresses then has no effect at all and strengthening can 
result only from the uniform triaxial compressive stress 
system of magnitudeAp,, (Fig. 16c). In other words, 
strengthening just ahead of the bit is governed by the 
pressure differential between mud and. pore liquid only. 

To illustrate the order of magnitude, a hole is as- 
sumed to be drilled under the following conditions. Let 
the specific gravity of the rock, mud and pore liquid 
be 2.50, 1.25 and 1.00 respectively. The geostatic 
Stresses Py:, Pox, and p,,; are assumed to be equal. Then, 
in the undisturbed formation, geostatic and hydrostatic 
pressures amount to 150 and 100 kg/cm’*/1,000 m of 
depth respectively. When the hole is drilled, mud pres- 
sure amounts to 125 kg/cm’*/1,000 m. The pore pres- 
sure is balanced by part of the mud pressure, while the 
excess, equaling 125 — 100 = 25 kg/cm’/1,000 m, 
contributes the uniform triaxial stress system to the 
matrix of the rock and causes the rock at the bottom of 
the hole to become stronger than at atmospheric condi- 
tions. 


The static hold-down pressure across the chips also 
amounts to 25 kg/cm* per 1,000 m, whereas the addi- 
tional dynamic hold-down pressure depends on the per- 
meability of the rock, bit type and rotary speed; the 
upper limit, however, is 100 kg/cm’/1,000 m when full 
vacuum prevails under the chips. 


From the above figures it follows that the experi- 
ments in the pressure vessel with maximum pressures 
of 125 kg/cm* are representative for drilling up to a 
depth of 1,000 m when mud and pore pressure are 
raised in their proper ratio (second line of Table 2). 
In the experiments at 125 kg/cm* mud pressure and 
zero pore pressure, however, the effects of rock strength- 
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ening and of static hold-down are those to be expected 
at 5,000 m. 
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APPENDIX 


Inelastic deformation of rock is held responsible for 
many difficulties met in drilling. Generally, an uncased 
hole is eventually disturbed as the result of the forma- 
tions’ inelastic behavior. This does not imply, however, 
that in the rapid process of drilling, fracture of such 
rock is ductile. 

In compression tests performed by Griggs’ on un- 
jacketed samples of Solenhofen limestone and marble, 
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these materials showed no ductility, and even at confin- 
ing pressures up to 4,000 kg/cm’® fracture was still brit- 
tle. Saturated unjacketed samples of sandy shale tested 
by Bredthauer* up to 700 kg/cm* showed no ductility 
either. 

Compression tests on jacketed specimens show a 
transition from brittle to ductile fracture at confining 
pressures that are lower than those quoted. At the 
same time the strength of the rock is increased. 

Therefore, it is reasonable to expect that not only 
the strength but also the transition from brittle to ductile 
is governed by the stresses on the matrix of the rock. 
This implies that up to 4,000 m depth the rock at the 
hole bottom can be expected to show ductile fracture 
only when, in compression tests on jacketed samples, the 
transition takes place below 100 kg/cm* confining pres- 
sure. Nearest to this range of interest are the compres- 
sion tests by Bredthauer. Of all rocks tested transition 
to ductile fracture was found to occur above 175 kg/ 
cm’ confining pressure with the exception of anhydrite 
and possibility also of Carthage marble and sandy shale 
which were tested at higher pressures only. 

This implies that ductile behavior of the formation 
when drilling will occur only exceptionally. In the ma- 
jority of cases fracture is brittle even at great depth. 
It is, therefore, likely that the plasticity often mentioned 
refers not to the formation itself but to the plastic mass 
of balled cuttings which covers the bit and which, es- 
pecially with impermeable formations, is likely to ad- 
here to the bottom of the hole as well. tok 
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Calculation of the Stabilized Performance Coefficient of 
Low Permeability Natural Gas Wells 
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The direct determination of the stabilized perform- 
ance behavior of low capacity, slowly stabilizing gas 
wells is extremely time-consuming and wasteful of gas. 
From both field experience and theoretical considera- 
tions, a test procedure has been evolved by which the 
stabilized back pressure behavior of such gas wells can 
be predicted without having to revert to long time flow 
tests. 

The method consists of using the isochronal test pro- 
cedure to establish the slope of the back pressure curve, 
“yn”, and the short time variation of the performance 
coefficient, “C”, with time. 

From this short time transient flow data and theore- 
tical considerations, the value of C at large times can 
be established. By assuming the radius of drainage of 
a well to be half the distance between wells, one can 
calculate the stabilization time for various well spacing 
patterns. Once the stabilization time for a given spacing 
has been determined, the value of C can be calculated 
and the stabilized back-pressure curve can be estab- 
lished, 

The calculated performance coefficient as a function 
of time was compared to the experimentally measured 
values for a number of gas wells. The deviation of the 
calculated from the experimental results vary depending 
on the set of short time experimental points used to 
evaluate the parameters of the equation. The longer the 
time for the flow test data used in the calculations, the 
better was the agreement with the experimental results. 
The time necessary to obtain this data from well tests 
varies considerably, depending on the physical nature 
of the reservoir under consideration. 


ON 


For many years, the U. S. Bureau of Mines Mono- 
graph 7’ has served as a guide for testing and evaluating 
the performance of gas wells by means of the back-pres- 
sure method. The back-pressure performance of a gas 
well is expressed by the following equation: 

where the characteristics of the back-pressure equation 
are determined by C, the performance coefficient, and 
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n, the exponent which corresponds to the slope of the 
straight line when Q and (P, — Ps) are plotted on 
logarithmic paper. Q is gas flow rate at standard condi- 
tions, and P, and Py, are equalized and flowing bottom- 
hole pressures, respectively. 

Prior to the development of the back-pressure test, 
the “open flow” capacity method of testing a well was 
common. By this method, the wells were flowed wide 
open to the air and the flow rate measured. Such pro- 
cedure was wasteful of gas and did not provide informa- 
tion on the deliverability of the gas to the pipe line. 


MONOGRAPH 7 PROCEDURE 


The back-pressure method of testing wells was de- 
veloped to overcome these shortcomings. Although 
much has been learned regarding the laws of the flow 
of gas through porous formations, the original develop- 
ment of the back-pressure relationship was based en- 
tirely on empirical methods. The back-pressure be- 
havior provides the engineer with information essential 
in predicting the future development of a field. It per- 
mits him to calculate the deliverability of gas into a 
pipe line at predetermined line pressures, to design and 
analyze gas gathering lines, to determine the spacing 
and number of wells to be drilled during the develop- 
ment of a field to meet gas purchasers’ requirements, 
and to solve many other technical and economic prob- 
lems. 


As described in Monograph 7, the flow-after-flow 
method of back-pressure testing, when applied to fast 
stabilizing and usually high capacity wells, correctly 
characterized the behavior of the well. However, as 
the value of the gas at the wellhead increased, small 
capacity gas wells having slow rates of stabilization be- 
came economically operable. The flow-after-flow method 
of testing could not be used to describe the behavior of 
these slowly stabilizing wells. 


The procedure of Rawlins and Shellhardt' for estab- 
lishing the back-pressure behavior of a gas well was 
based on the requirement that the data be obtained un- 
der stabilized flow conditions; that is, that C is constant 
and does not vary with time. C depends on the physical 
properties of the reservoir, the location, extent and ge- 
ometry of the drainage radius, and the properties of 
the flowing fluid. In a highly permeable formation, only 
a very short period of time is required for the well to 
reach a stabilized condition, and, consequently, the re- 
quirements for the test procedure described in Mono- 
graph 7 are met. For a given well, n is also constant 
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and will have values ranging between the limits of 0.5 
and 1.0. 


In the case of low permeability reservoirs, the direct 
determination of stabilized performance behavior of 
gas wells becomes extremely time-consuming and waste- 
ful of gas. For example, some of the Mesa Verde wells 
in the San Juan gas field* take weeks and months to 
reach stabilized flow conditions. 


Thus, it is desirable to have a procedure which will 
predict the stabilized back-pressure behavior and elim- 
inate the mecessity for using the long flow tests outlined 
in Monograph 7. Such a test procedure has been evolved 


from both field experience and theoretical considera- 


CULLENDER METHOD 


In 1955, Cullender’ published a paper in which he 
described the isochronal (constant time) performance 
method of determining the flow characteristics of a gas 
well. Cullender found from experience that the steady- 
state flow conditions are not necessary to establish n 
for the back-pressure curve. However, as long as tran- 
sient conditions exist, C will vary with time. When C 
becomes constant, the flow will have stabilized. This 
behavior is illustrated by the shifting of the back-pres- 
sure curves to the left, at increasing time, with the slope 
remaining constant. The theory on which isochronal 
performance is based assumes that the flow at a given 
time, starting from a shut-in condition, is from the same 
radius of drainage, regardless of the pressure level of 
the reservoir or the flow rate. This means that the ra- 
dius of drainage moving away from the wellbore is de- 
pendent only on the formation and gas properties. Once 
the radius of drainage has reached the boundaries of 
the reservoir or the point of interference with an off- 
set well, the performance coefficient becomes constant 
and the back-pressure curve becomes stabilized. 


The slope of the isochronal back-pressure curves is 
the same as that of the stabilized curve. In fact, the 
stabilized curve represents the limiting value of the 
isochronal curves, The method employed to obtain the 
isochronal performance curves of a gas well is to open 
the well from a closed-in condition and obtain rate of 
flow and pressures at fixed time intervals without dis- 
turbing the flow rate. The well is then shut in and al- 
lowed to return to a pressure comparable to that exist- 
ing at the time the well was first opened to flow. The 
well is reopened at a different rate of flow and data ob- 
tained at the same time intervals as before. The pro- 
cedure is repeated as often as desired. 

A plot of Q vs (P,; — P.*) on logarithmic paper at 
constant time establishes n. 

From the transient tests establishing the isochronal 
curves and theoretical considerations,’ procedures 
have been evolved by which the stabilized back-pressure 
behavior of low permeability gas wells can be calculated. 
In addition, the buildup curves permit the calculation 
of the interwell permeability of the formation. This in- 
terwell permeability is used in the calculation of the 
stabilized performance curve of a well for various 
spacing patterns. 

The purpose of this report is to describe a procedure 
for calculating the variation of C with time from the 
short term isochronal tests. This curve, along with other 
reservoir data, is used to obtain the stabilized back-pres- 
sure performance curves of a well for various spacing 
patterns. Calculated results are compared with actual 
performance data. 
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As stated in the introduction, the results of tests over 
a period of years established the fact that the gas flow 
rate for a single-phase gas well was related empirically 
to the formation shut-in pressure and the bottom-hole 
pressure by the equation: 
In 1953, Houpeurt* derived from theoretical studies 
an equation relating the gas production rate and the 
over-all pressure drop between the reservoir boundary 
and the wellbore radius. This equation was converted 
for use with English units by Tek, Grove and Poett- 
mann’, with the following results. 


_ 2.49 (4.659)"y b \" 


G 
(2) 
where 
—— =the Test-Index which is obtained from 


pressure build-up analysis; k is the permeability, darcies; 
h is the formation thickness, cm; y is the viscosity of 
the gas, centipoises. 
Comparing Eqs. 1 and 2, it may be seen that: 
2.49 (4.659)"y b 
G 


a 


(3) 


The radius of drainage, R, for an unstabilized gas 
well, is shown by Tek, Grove and Poettmann’ to be: 


R = 0.0704 Ake No 


From the time a gas well begins flowing from an 
equalized shut-in condition, the radius of drainage R 
changes according to Eq. 4 until either the reservoir 
boundary or the point of interference with an off-set 
well is reached, at which time the well is stabilized. 
From Eqs. 3 and 4, it can be seen that C is a function 
of time, decreasing in magnitude until the well is 
stabilized. When this condition is attained, C becomes 
the stabilized performance coefficient, and the stabilized 
performance of the well is as described in Eq. 1. 


= 


STABILIZATION TIME, DAYS 


— Viscosity 


WELL SPACING, ACRES 
Fic. 1—SrTasitizATIon Time or Gas WELLS. 
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The isochronal performance method of determining 
the flow characteristics of gas wells has been shown 
to be the proper method of testing gas wells. This 
method is particularly applicable to low permeability 
formations’’ . From such a series of short term flow 
tests, n is determined. The variation of C is determined 
experimentally as a function of time from these flow 
tests. Using the experimental data of the variation of C 
with time, a procedure has been developed for predict- 
ing C for long time periods, utilizing Eqs. 3 and 4. 

For a particular gas well, all terms of Eq. 3 can be 
considered constant with the exception of R. Taking 
the ratio of Eq. 3 for fixed values of C, the following 
expression results: 


(5) 


Now, by defining the parameter, a: 
= 0.0704 ( 4k “3 


Eq. 4 may be written as: 
Theoretically, a is a constant a reser- 
voir. Hence, R is a function of time only and is inde- 
pendent of the rate of flow. 
Making use of Eq. 7 in Eq. 5: 


in ty! 


a 


a 


Solving for a/a, 


1/n 


may be evaluated from any two C 
values and the corresponding times, t, as determined 
from short-term flow tests. Once this is done, C may 
be expressed as a function of time by the following 
equation: 


c, (in) 


= t? n 
a 


The final objective of the above analysis is the pre- 
diction of the stabilized back-pressure curve for the well 
for various spacing patterns. By assuming the radius of 
drainage as half the distance between wells, the stabili- 
zation times for various spacing patterns can be cal- 
culated by the use of Eq. 4, as shown graphically on 
Fig. 1. The effective interwell permeability k used in 
Eq. 4 is obtained from the pressure-buildup curves 
taken during the course of the isochronal testing of the 
well. The fractional porosity is the weighted average 
value taken over the net effective sand thickness from 
core analysis data. The viscosity of the gas is obtained 
from the correlation of Carr, Kobayashi, and Burrows’, 
Figs. 2, 3 and 4. The compressibility of the gas at the 
reservoir pressure and temperature is obtained from the 
correlation of Trube’, Figs. 5 and 6. 

Both the correlations for viscosity and compressibility 
of natural gas are based on the “law of corresponding 
States,” using pseudo-reduced temperatures and pres- 


(9) 


a 
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sures. The pseudo-critical temperature and pressure of 
a natural gas is the molal average value for the mixture 
and can be calculated from a knowledge of the com- 
position of the gas. The pseudo-critical temperature and 
pressure of natural gases have been correlated as a 
function of the gas gravity’ and may be utilized if a gas 
analysis is not available. Fig. 7 shows this correlation. 
Once the stabilization time for a given spacing has 
been determined, the stabilized performance coefficient 
can be obtained from Eq. 10 and the stabilized back- 
pressure curve established. 


COMPARISON OF CALCULATED VS 
EXPERIMENTAL PERFORMANCE 
COEFFICIENTS 


Using the procedure developed herein, the perform- 
ance coefficient for a number of gas wells was deter- 
mined and the results compared to the experimentally 
measured values. The data on four of the wells are 
reported in the literature; the fifth has not been pub- 
lished heretofore. 
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The performance coefficient for gas wells Nos. 1, 2 Co 0.586 
and 3 are reported by Cullender*®. Both the experi- = Ci") = 0.5 
mental and the theoretical results are shown for these Cu 
. 1 
three wells in Figs. 8, 9 and 10. 2G" — Cy 1.086 
Fig. 11 presents the results for the 28-6 Mesa, 1-14 3 
San Juan gas well’. The experimental data and a By Eq. 9: 
theoretical approximation utilizing pressure build-up and 25.00 0.0674 
core analysis data are reported by Tek, Grove, and a= 05229 60 ¢ 


Poettmann’. In addition to their results, the theoretical 
prediction of C is presented using three different sets 
of experimental points to evaluate the parameters in 
Eq. 10. 

Fig. 12 presents the experimental results and the 
theoretical prediction of C as a function of time for 
Well A. 

In all of these figures, the precision with which the 
theoretical equation correlates the experimental data 
depends on the manner in which the parameters in 
Eq. 10 are evaluated. In all cases, the agreement is 
improved if the data points used to evaluate the para- 
meters are those taken a relatively long time after 
flow of the well commences. In fact, if at least one of 
these points is well into the “bend” of the curve of 
performance coefficient vs time, the agreement is very 
good, as an examination of Figs. 8 through 12 shows. 

In order to illustrate the application of the above 
procedure, the calculation of C as a function of time 
for Well A is presented, using the 0.5-hour and 3-hour 
isochronal flow test data to evaluate the parameters in 
Eq. 9. Thus, the experimental data utilized are 

n = 0,887 
C, = 1.754 t, = 0.5 hour 
= 3.0 hours 
(Note: The times in Eq. 9 are in seconds.) 
Thus, 
Cy" = 1.884 
O17 
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C, as a function of time, is now determined by Eq. 10, 
where: 


C, = 1.015 
t, = 3.0 hours 
0.10 
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REDUCED PRESSURE’. 
The usual stabilized flow tests’ are time-consuming 
Thus, and wasteful of gas when determining the back-pres- 
1.015 [log,,(0:0674 60 1.732) sure behavior of low permeability gas wells. A pro- 
= [log.(0.0674 X 60) + ¥% log) cedure is described in this study by which the stabilized 
ae back-pressure behavior of such gas wells can be deter- 
mined, using short term transient flow tests. 
C= 0.8744 (11) The isochronal performance method developed by 
(0.6068 + 1% logit) Cullender’® is the proper procedure to use to determine 
C is plotted as a function of time in Fig. 12. This n in Eq. 1. However, the variation of C as a function 
graph presents both the experimental values and the of time is determined only for short flow periods from 
calculated results as predicted by the above equation, these tests. A long term flow test would normally be 
using the 0.5- and 3-hour experimental points to necessary to determine C for large values of time. Eqs. 
determine a/a. C, as shown in the above expression 9 and 10 are theoretical relationships of C as a function 
and Fig. 12, has the dimensions of of time, which make possible the prediction of C with 
. | | | 
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reasonable precision from short term transient flow 
tests. Thus, properly conducted short term flow tests 
and the use of Eqs. 9 and 10 permit determination of 
the stabilized back-pressure behavior of low permeability 
gas wells, without the time consumption and gas waste 
necessitated by long term flow tests. 


The application of Eqs. 9 and 10 is demonstrated 
by the example problem. The degree of precision pos- 
sible is illustrated by comparing the theoretically cal- 
culated performance coefficient with the experimental 
results for five gas wells. The deviations of the calcu- 
lated from the experimental results vary, depending on 
the set of experimental points used to evaluate the para- 
meters in Eqs. 9 and 10. The agreement between calcu- 
lated and experimental performance coefficients is con- 
siderably improved if one of the points taken to evalu- 
ate the parameters is on, or well into, the bend of the 
performance coefficient curve. The time necessary to 
obtain this data from well tests will vary considerably, 
depending on the physical nature of the reservoir under 
consideration. Once the variation of the performance 
coefficient as a function of time is determined, the 
stabilized back-pressure curves for a gas well for dif- 
ferent well spacing patterns can be determined from 

Pressure-buildup curves following each isochronal 
flow test are used to obtain the interwell permeability. 
The effective formation thickness and the porosity are 
determined from core analysis data. In a given reser- 
voir, the value of n in Eq. 1 will usually prove to be 
essentially the same for all wells in the reservoir. Con- 
sequently, once the value of n for a given reservoir is 
established, the back-pressure behavior of all subsequent 
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welJs can be determined from a single flow test of rel- 
atively short duration. 


C = Performance coefficient (the units depend 
on the units in which Q, P,, and P, are 
expressed). In the example problem, for 
instance, the pressures are expressed in 
thousands of psia’ and Q in Mcf/D. 
Therefore, the units of C are in Mcf/D 
/(1,000 psia*)". 

G = Gas gravity (air = 1) 

P = Pressure, psia 

P. = Pseudo-critical pressure, psia 

P, = Formation shut-in pressure, psia 

P, = Pseudo-reduced pressure, P/P, 

P, = Flowing sand face pressure, psia 

O = Gas flow rate, Mcf/D, at 60°F and 14.65 
psia 

R = Radius of drainage, feet 

T = Temperature, °R 

T. = Pseudo-critical temperature, °R 

T, = Formation temperature, °R 

Tr = Pseudo-reduced temperature, T/T, 

a = Wellbore radius, feet 

b = Ratio of density of gas to bottom-hole 
pressure b= 29G 

PAR 
where R’ = 45.59 atm/cc/gm-mol- °R 
h = Effective formation thickness, centimeters 
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k = Permeability, darcies 
1n = The natural logarithm 
n = Reciprocal of the slope of the back-pres- 
sure curve where Q is plotted vs (P,’ — 
P.’) on the logarithmic graph paper and 
QO is the abscissa 
t = Flowing time, seconds 


a = A parameter defined as peel 4k : 


B = Pseudo-compressibility of the gas, vol/vol/ 
atm 
p = Viscosity of gas, centipoises 
y = A parameter defined in Eq. 2; it is a func- 
tion of n and Q 
= Fractional porosity 
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ABSTRACT 


The performance of a gas reservoir subject to water 
drive is often affected by interference due to gas pro- 
duction or injection in neighboring reservoirs adjacent 
to a common aquifer. Field data available on produc- 
tion-pressure behavior of several reservoirs indicate that 
prediction of reservoir performance must include the 
effects due to mutual interference. A method developed 
to predict the performance of two or more interfering 
gas reservoirs, subject to specified production-injection 
schedules, is presented. The method involves the com- 
bination of the theory of unsteady-state water move- 
ment with appropriate material balance considerations. 
The procedure which extends M. Mortada’s treatment 
for interfering oil reservoirs makes use of his dimen- 
sionless pressure drop quantities presented graphically 
in the literature. 


In order to evaluate the predictive accuracy and 
practical field applicability of the theory, the method 
has been applied to analyze the performance of two ac- 
tual gas reservoirs in mutual interference. The calcula- 
tions were performed on an IBM 704 computer. The 
predicted performances were also calculated with the 
interference effects ignored. The results show that con- 
siderably hetter agreement between calculated and ob- 
served behavior is obtained when the interference effects 
are included. 


ON 


Fluid communication between any number of oil or 
gas reservoirs adjacent to a common aquifer results 
in mutual interference effects on their production-pres- 
sure behavior. The theory, application and interpreta- 
tion of pressure build-up behavior of oil wells, draw- 
down tests on oil or gas-producing formations and be- 
havior of several storage reservoirs indicate ample ex- 
perimental evidence of mutual interference. A method 
developed to compute the behavior of interfering oil 
reservoirs was published several years ago by Mortada.* 


Original manuscript received in Society of Petroleum Engineers 
office May 4, 1959. Revised manuscript received Aug. 26, 1959. 
Paper presented at 34th Annual Fall Meeting of Society of Petro- 
leum Engineers in Dallas, Tex., Oct. 4-7, 1959. 
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Studies conducted during the recent years on under- 
ground storage of natural gas clearly indicated the need 
for extending Mortada’s work to the case of interfering 
gas reservoirs. The adoption of appropriate material 
balance equations in conjunction with the unsteady-state 
pressure interference theory yields pressure-explicit 
equations. Their solution, their application to a specific 
case history and an over-all evaluation of the developed 
method through the comparison of predicted and ob- 
served field performances were the main objectives of 
this study. 


DEVELOPMENT OF MATHEMATICAL 
RELATIONS 


The diffusivity Eq. 1 governs planar, radial, unsteady- 
state compressible liquid flow through a porous me- 
dium. 


Op Op supe op 


or” r k Ot 


The literature’”* contains derivations and solutions of 


1References given at end of paper. 
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this equation for various initial and boundary condi- 
tions. Van Everdingen and Hurst’ have tabulated di- 
mensionless quantities obtained by their solution of 
Eq. 1 for the “constant terminal pressure” (constant 
pressure drop at inner circular boundary r = r,) and 
“constant terminal rate” (constant liquid flow rate 
across cylindrical boundary r = r,) cases. Their solu- 
tions are for the model, shown in Fig. 1, which simu- 
lates either an individual well within an oil reservoir 
or a reservoir (oil or gas) surrounded by an aquifer. 
Their constant rate solution appears as: 


p(r,t) = pressure drop at radius r and time ¢, psi 


P(rp,tp) = dimensionless pressure drop quantity at di- 
mensionless radius rp, = r/r, and at di- 
mensionless time = kt/pcr,, tabulated 
by Van Everdingen and Hurst as a func- 
tion of tp for rp = 1. 


Mortada’ presented a method of aquifer water 
influx calculation which accounts for interference 
between two or more oil fields situated on a common 
aquifer. His method involves primarily Eq. 3, below, 
which is obtained by application of Duhamel’s super- 
position principle to Van Everdingen and Hurst’s con- 
stant rate solution. 


27NK i—0 


The term q;’ is the average rate of water influx across 
the boundary r =r, during the time increment from 
(i—1) At to iAt. The pressure drop in each of two 
mutually interfering oil fields F and G is equated to 
the sum of two pressure drops, one caused by oil pro- 
duction in the field concerned and one caused by pro- 
duction from the interfering field. Thus, 


= (D.)r — Pr = Pre 


where pr, is the pressure drop in oil reservoir F, ppr 
is field F’s pressure drop due to its own production, 


and Dra is F's pressure drop due to G’s production. 
The terms in Eq. 5 are defined analogously. Proper 
use of Eq. 3 then allows the calculation of p, and pg 
provided the production schedules in fields F and G 
are known or specified. 


Mortada, in his method outlined above, assumes 
that the rates, g,’ of aquifer water influx can be equated 
to the rates of oil production in the reservoirs or to 
these latter rates corrected for the expansion of the 
oilfield content. In the case of gas fields, the relation- 
ship between the rate of aquifer water influx and the 
gas production or injection rate is, of course, not a 
direct proportionality and further attention must there- 
fore be given to the term q;,’. 


Tite following relation follows from the definition 
of q 


Elimination of q’, and q/ between Eqs. 3 and 6 yields 


i+1 


t= 
Do — p(njAt) = Ke 
i—0 


where K; = u/2hkAt and At is the time increment. If 
the gas compressibility factor z is represented by 1 + 
Kp then the gas field pore volume at time t = iAt. V; is 
obtained from the gas law pV = znRT as 


it 
(x iAt) ) 3) 


Substitution of V, from Eq. 8 into Eq. 7 yields a quad- 
ratic in p(jAt) [pjs,= p(n, jdt) here] which can be 
easily solved to yield 


where 
1—0 


P(1,G — Daw) ) + P(1,Atp) (2V;1 — Vj-2— 
RTK) K; = 4K;P(1,Atp)n,RT. | — po 


The total pressure drop in gas reservoir F is now 
given, analogously to Eq. 4, as 


pr(jAt) = Der(jAt) +| pre(jAt) . . . - (10) 


where Pry (jAt) is the pressure drop in F at time t = 
jAt due to its own production and will be calculated 
from Eq. 9 as 


Der(jAt) = (Do) — (11) 


5 


=—0 


Dt) ) 


Eq. 11 is an explicit expression allowing calculation of 
Prrvat) (for j} = 1, 2, 3,....N, where N is the total 
number of time increments for which the predicted gas 
field performances are desired) if the gas in place 
schedule my; is shown. The calculations must be be- 
gun with 7 = 1 and continued with j = 2, 3, etc., since 
then for a given value of j all the terms in K, and K; 
are known from previous calculations. = 
(P.)» — Pwr) is the predicted field F pressure for the 
case of no interference effects from neighboring reser- 
voirs. The term V,, is an “uncorrected” field pore vol- 


in the sense that it is calculated from Eq. 12 below, 
which ignores interference effects. 


Prrciaty 
The field G pressure drop due to its own production 
and uncorrected pore volume are similarly given as 
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Poacjaty = (Dide = 
Pacciat) 


where K,g and Kz, are the same as Ky and Ks, 
except all F subscripts are changed to G subscripts. 


The pressure drops prog (pressure drop in field F due 


to G’s production) and pe» (pressure drop in field G 
due to F’s production) are calculated from the equa- 
tions 


[P (ror) 1) At, ] 
where, letting d = the distance in feet between the cen- 
ters of gas fields F and G,r),. = d/(r 


d/(r,)». The total pressure drops in the two reservoirs 
are then given by 


= Pruaty = Per (from) Eq. 11) 
= Pan = Pox (irom “Eq. 13) + Des 


The correct or predicted gas field pore volumes are 
finally calculated from the relations 


Prat) 


(20) 
Pacjat) 


In order to employ the gas field interference method 
presented here, one must know or specify the values 
K;, At, , k/upe(r,), K, and RT. The pro- 


cedure of calculation is as follows. 


and 13 
(b) Calculate V’,, and V’;, from Eqs. 12 and 14 
(c) Employ the pore volumes calculated in Step b 
in Eqs. 15 and 16 to obtain the interference 
pressure drops and 


(d) Calculate the predicted gas field pressures Py: jar) 
and Peja) from Eqs. 17 and 18 


(e) Employ the pressure calculated in Step d in 
Eqs. 19 and 20 to obtain the predicted reservoir 
pore volumes. 


The term P(rp, tp) is presented graphically by Mortada’ 
as a function of t, for several r, values. 


APPLICATION OF GAS FIELD INTERFERENCE 
THEORY TO AN ACTUAL CASE STUDY 


Michigan gas fields F and G were discovered in 1944 
with a distance of approximately four miles separating 
their centers. These fields were originally considered 
as “constant volume” reservoirs. as they were pro- 
duced, however, the field pore volumes, calculated from 
the gas-in-place and pressure data, decreased signifi- 
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cantly. This initial volume reduction, the production of 
water from wells near the area boundary of the gas 
sand and the approximately equal values of initial pres- 
sure and depth of the two fields, all point toward the 
existence of a common aquifer underlying both reser- 
voirs. The presence of interference effects between the 
two fields is evidenced by the failure of many attempts 
by the authors to reproduce the actual volume-time 
and pressure-time behavior of the reservoirs by Eqs. 
11 through 14 which ignore interference effects. 


The 12-year period from 1944 to 1956 was chosen 
for the purpose of application of the gas field inter- 
ference theory presented above to the gas reservoirs F 
and G. A time increment of one month and Eqs. 11 
through 20 were employed in the calculation of the 
predicted volume and pressure behavior of each of the 
two fields. The predicted and actual performances are 
plotted in Figs. 2 and 3 and the values of the reser- 
voir constants employed in the calculations are noted 
on these figures. Table 1 lists the field data and pre- 
dicted pressure and volume ratios for the period 1944 
to 1956. The calculations were quite lengthy and were 
therefore programed in the FORTRAN code and per- 
forbed by the IBM 704 computer.* 


A comparison between the “constant volume” and 
“water influx” methods of predicting field performance 
is given by Fig. 2, where the “constant volume” per- 
formance is represented in this figure by the straight 
line V/V, = 1.0 (The “constant volume” method sim- 
ply assumes no field pore volume change due to water 
movement. Thus, the predicted pressures are calculated 


znRT 


as p = 
L V, 


Suppose one assumed field F to have a constant pore 
volume equal to its original (discovery) value of 4.2 x 
10° cu ft. Then the error incurred in the predicted pres- 
sure at 136 months after discovery would be approxi- 
mately 16.2 per cent since an error of 16.2 per cent 
would be incurred in the predicted volume (see Fig. 2) 
and pressure is approximately inversely proportional to 
volume (PV = znRT). However, Fig. 2 shows that the 
difference between the pore volume predicted by the 


*This program can be obtained as a deck of cards or as a printed 
listing of instructions by writing to the authors. 


+—+—+ VALUES OBTAINED FROM DATA TaN 
& PREDICTED VALUES WITHOUT USING INTERFERENCE 
METHOD 


ows 


FORE VOLUME RATIO, V/V. (End of month) 


NUMBER OF ONE MONTH TIME INCREMENTS 


Fic. 2—Firtp F anp G Prepicrep AND AcTUAL Pore VOLUME 
Ratios vs Time. 


249 


| 
| 
| 
| 
| | 
| 
— = 


OBTAINE! 
3° —_ 
b 
Aah 1 3 H i i i i i i i i i 
4 i i 3 3 i il 


Fic. 3—Fietp F anp G Prepictep AND ACTUAL PRESSURE 
Ratios vs TIME. 


interference (water influx) method and the actual pore 
volume at this time is only 2.6 per cent and thus the 
error in the predicted pressure 136 months after discov- 
ery would be approximately 2.6 per cent. An error of 
approximately 8.7 per cent in the predicted pres- 
sure at ¢ = 136 months would be incurred by as- 
suming a constant volume only over a period of five 
months since Fig. 2 shows that the actual pore volume 
changes by 8.7 per cent from ¢ = 131 to 136 months. 
The percentage error in predicted field G pressures, ef- 
fected by use of the constant volume method, would 
approach 29 per cent at 145 months after discovery 
since the actual field volume differs from the original 
volume by 29 per cent at this time. 


Fig. 2 shows that use of the interference methods, 
described above, produces considerably better agree- 
ment between the actual and predicted performance of 
fieids F and G than that achieved by ignoring interfer- 
ence effects. At f = 136 months, field F’s pore volume 
predicted by the interference method is only 2.6 per 
cent lower than the actual calculated value while the 
pore volurne predicted ignoring interference is approxi- 
mately 15 per cent lower. The difference between the 
two field F predicted pore volume curves represents the 
decrease in field F’s pressure (or increase in pore vol- 
ume) caused by gas production in field G. The cross- 
ing of the two field G predicted pore volume curves at 
approximately 110 months after discovery is due to the 
gas injection and subsequent pressurizing of oil field F 
during the time period following t = 50 months. 


CON CLUSTLON:S 


As a result of the theoretical work and evaluation by 
a field case study, the following conclusions have been 
reached: 


1. In predicting the pressure-volume behavior of gas 
reservoirs subjected to water drive, the effect of inter- 
ference from other reservoirs situated on the common 
aquifer must be accounted for. 


2. The mathematical relations and computational pro- 
cedure developed in this paper allow explicit calcula- 
tions of pressure and pore volumes of mutually inter- 
fering gas reservoirs. 


3. The method developed and presented above ap- 
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plies equally well to gas reservoirs subject to produc- 
tion-depletion or cycle storage service. 


4, The validity of the idealized mathematical model 
and the attending equations is indicated by the agree- 
ment obtained between observed and predicted per- 
formances in an actual case study. 


5. The case study treated above indicates that use 
of the interference method may produce considerably 
better agreement between the observed and predicted 
field performances than that achieved by ignoring inter- 
ference effects. 


NOMENCLATURE 


= distance between two interfering reser- 
voirs, ft 


h = thickness of aquifer formation, ft 

K = constant in equation z = 1 + Kp, 1/psia 
K, = p/2ahkAt 

n = pound mols gas in place 


n; orn; = pound mols gas in place at time t = jAt or 
iAt, respectively 


Ny; = pound mols gas in place in field F at time 


p(r,t) = aquifer pressure at radius r and time f¢, psia 
Pp. = original gas field pressure, psia 

p = pressure drop, p, — p 

) = dimensionless pressure drop quantity 

P» = total pressure drop in field F, psia 

P« = total pressure drop in field G, psia 


Pry = pressure drop in field F due to F’s produc- 
tion, psia 


Pre = pressure drop in field F due to G’s produc- 
tion, psia 

Ee = pressure drop in field G due to G’s produc- 
tion, psi 

to pressure drop in field G due to F’s produc- 
tion, psi 


q = rate of water influx into reservoir across 
boundary r = r,, ft*/sec 


q'; = average rate of water influx during time in- 
crement from (i — 1)At to iAt, ft’/sec 

r, = field radius, ft 

rp = dimensionless radius, r/r, 


tp = kt/uwcr,’, dimensionless time 
Atyr = dimensionless time increment for field F, 
V; = gas field pore volume at time t = iAt, ft’ 
Vy», = field F pore volume at time t = iAt, ft° 


Va: = field G pore volume at t = iAt, ft® 
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TABLE 1—SUMMARY OF ACTUAL AND PREDICTED PERFORMANCE OF GAS 
FIELDS F AND G FOR PERIOD 1944-1956 
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Water-In-Oil Emulsion Cements 


F, D. PATCHEN 
R. F. BURDYN 
1, R. DUNLAP 


The composition and properties of a new type of 
cementing mixture are discussed. In these compositions, 
API Class A or C cements are added to a stable water- 
in-oil emulsion instead of the usual water. The cement 
disperses in the oil phase and remains out of contact 
with the water under normal conditions of mixing and 
storage. At higher temperatures, such as those encoun- 
tered down-hole during placement, the emulsion breaks 
and cement hydration can then proceed. 

An extremely low filtration rate is obtained; the 
major part of the filtrate is oil. Thickening times of 
the mixture may be increased to meet the 18,000-ft 
casing cementing schedule by varying the amount of 
emulsifier. As in conventional Portland cement mix- 
tures, high-temperature strength retrogression can be 
overcome by addition of silica flour. 

Results of several field applications show that mixing 
presents no difficulty if emulsion blenders are used and 
the emulsion is prepared beforehand. 


LONE E ik IN| 


Water-in-oil emulsions, in which oil is the continuous 
or external phase and in which water exists as discrete 
droplets, have for some time been used successfully in 
drilling muds to reduce filtration loss."’ Applied to 
cement slurries, the same results are obtained; i. e., 
the fluid-loss is greatly reduced. In addition, thicken- 
ing times may be extended, lower densities and 
strengths obtained, and water-base borehole fluids more 
easily displaced without contamination of the cement. 

A low filtration rate is often a desirable property in 
oil well cements since loss of fluid increases placement 
difficulties and may also cause damage to water-sensi- 
tive producing formations.’ In the casing cementing 
operation where the cement slurry is pumped into the 
narrow annulus between open hole and casing, rapid 
loss of fluid to a porous formation can cause the slurry 
to thicken and plug the annulus before the desired fill 
is obtained. Where a casing or a liner is cemented 
against a productive formation and the well completed 
through perforations, the fluid lost between the time 
the cement first contacts the formation and the time 
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a set is obtained may invade the zone past the depth 
of the perforations. If the sand contains a material 
which will swell upon contact with cement filtrate, per- 
manent damage may result. 

Previous methods for reducing the fluid-loss of 
cements have employed bentonite’ as an additive, usu- 
ally with a lignosulfonate as a dispersant, or a deriva- 
tive of some naturally occurring polymeric material 
such as cellulose ether.” Oil emulsion cements have 
also been proposed’ for fluid-loss reduction, but these 
have been of the oil-in-water type. Bentonite cements 
have been used most widely and have been successful 
in reducing incidence of premature setting of cement 
attributable to loss of water by filtration. 

It is the purpose of this paper to describe prepara- 
tion and properties of a water-in-oil emulsion cement 
and to relate procedures followed and results obtained 
in several field applications. 


DESCRIPTION OF SYSTEM AND MECHANISMS 


A water-in-oil emulsion cement is prepared by add- 
ing an API Class A or C cement toa stable water-in- 
oil emulsion. Fig. 1 is a photomicrograph of this emul- 
sion before addition of cement. Here the droplets are 
water and the surrounding medium is diesel oil. High 
emulsion stability is indicated by the small droplet size 
[1-5 microns], and by their uniformity.. To form a 
stable water-in-oil emulsion as illustrated, several con- 
ditions must be met. A predominantly hydrophobic 
emulsifier must be present in sufficient concentration 
to produce a strong interfacial film; initially, the phase 
volume ratio (the water-to-oil ratio) must be low; 
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finally, energy must be supplied in the form of mixing 
to disperse the water mechanically. 


Ease of emulsification is enhanced by in situ forma- 
tion of the emulsifier at the interface. This is accom- 
plished by using an anionic surfactant in its sodium 
form dissolved or dispersed in the oil phase and a 
soluble calcium salt dissolved in the aqueous phase. 
Since the undissociated molecule is smaller in the 
sodium form than in the calcium form, the sodium 
Surfactant would be expected to align more rapidly 
at new interfaces created by agitation. At these new 
interfaces the surfactant can readily react with the 
calcium in the water phase to form the less water- 
soluble calcium salt. It is in this form that the sur- 
factant creates a stable film of the type necessary for 
water-in-oil emulsions. The same effect can be brought 
about by addition to the aqueous phase of a sodium 
compound such as sodium chloride or sodium hydrox- 
ide instead of the calcium salt. Although sodium salt 
functions by a different mechanism, it accomplishes 
the same result as the calcium salt by reducing solu- 
bility of the emulsifier in the existing aqueous phase. 


When cement is added to the water-in-oil emulsion, 
it comes in contact with oil first; with the aid of the 
emulsifier it is dispersed in the oil phase out of con- 
tact with the water. Fig. 2 is a photomicrograph of 
the cement slurry showing the cement particles and 
water droplets dispersed in the oil phase. In this state, 
the slurry is stable for long periods and shows no time- 
setting properties. Hydration and setting of the cement 
can occur only when the emulsion breaks and oil on 
the particle surfaces is displaced by water. The cement 
particles shown in Fig. 3 were separated from a stable, 
two-week-old, water-in-oil, emulsion cement slurry and 
suspended in oil. These particles clearly show the 
sharp edges and corners characteristic of the original 
dry cement and are further evidence that no discerni- 
ble hydration has taken place. 

For this slurry to be applicable to cementing opera- 
tions, emulsion stability must be controlled so that the 
emulsion will break after placement in the well. This 
is achieved by taking advantage of the higher tempera- 
tures encountered in the wellbore and by choosing an 
emulsifier which will impart a temperature instability 
to the three-phase system. By varying the relative 
amounts of water, oil emulsifier, and cement, changes 
in stability of the system with temperature may be 
effected and thickening time of the cement controlled. 

At present little is known about the controlling mech- 
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anisms involved in the setting of the emulsion cement. 
Apparently a change in the relative solubility of the 
emulsifier between the two phases occurs as the tem- 
perature increases. Such a change in conditions would 
result in disruption of the stable surfactant film that 
maintains the water-in-oil emulsion. It is also possible 
that at elevated temperatures there is a decrease in 
the ability of the emulsifier to disperse cement in oil. 
These changes, acting independently or in combination, 
could tend to revert the emulsion and increase the 
water wettability of the cement particles. 


MATERIALS AND EMULSION PREPARATION 


Diesel oil, water, emulsifier, cement, and calcium 
chloride (or a sodium salt) are the necessary com- 
ponents of a water-in-oil emulsion slurry. 

Diesel oil is preferred as the oil phase although 
kerosene and a few selected crude oils have been used 
successfully in the laboratory. 

Only a few emulsifiers have been found that meet 
the requirements of forming a temperature-sensitive, 
water-in-oil emulsion slurry with low fluid-loss char- 
acteristics and with sufficient solids-carrying capacity 
to insure adequate set strength. The sodium salt of an 
alkyl-aryl petroleum sulfonate with a molecular weight 
in the range of 415 to 430 is presently recommended. 

As previously explained, the strong electrolytes are 
necessary to limit water solubility of the emulsifier 
and provide a water-in-oil emulsion. 

The amount of diesel oil may be varied from 25 to 45 
volume per cent of the total emulsion. A change in 
the water-to-oil ratio affects ease of emulsification, 
fluid-loss, 24-hour compressive strength and thickening 
time. Considering all these factors, 35 volume per cent 
of the emulsion is selected as near optimum percent- 
age for the diesel oil. 

The cements used are API Class A or Class C. Nor- 
mal differences in the base cement result in different 
slurry and set properties, but either of these two classes 
can be formulated to obtain satisfactory water-in-oil 
emulsion slurries. 

In working with water-in-oil emulsions it is neces- 
sary to have a method for evaluating stability of the 
system. An emulsion tester that satisfactorily accom- 
plishes this has been developed as part of a research 
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and development program on inverted emulsion drill- 
ing and completion fluids. In this device, the applied 
voltage necessary to cause current flow between two 
electrodes spaced Y-in, apart is a measure of the 
stability of a water-in-oil emulsion. 


A water-in-oil emulsion is first formed by mixing 
equal amounts of diesel oil, water and the necessary 
chemicals to form an emulsion of about 100-v stability. 
The remaining water is then slowly added with enough 
mechanical shearing to keep the stability above 90 v. 
The emulsion may then be stored or the cement added 
immediately. 


SLURRY CHARACTERISTICS 


TESTING PROCEDURE 


Unless otherwise specified, all tests are carried out 
in accordance with API RP 10B for evaluating cement. 
Mixing time for cement addition is the one departure 
from this procedural code. 


SLURRY DENSITY, VISCOSITY, AND STABILITY 


Water-in-oil emulsion cement slurries have densities 
varying from 13.5 to 15.0 lb/gal for unweighted sys- 
tems. For the lower-density slurries (from 13.5 to 14.3 
lb/gal) API Class C or high early strength cements 
are used. Regular Class A cement slurries have a use- 
ful density range of from 14.3 to 15.0 lb/gal. 


The viscosities of these slurries range from 5 to 20 
poises and appear to be more viscous than conventional 
slurries. With an increase in temperature, viscosity is 
reduced. Actual placement in field operation is char- 
acterized by low pump pressure, indicating no difficulty 
from high viscosity. This would be expected as the 
cement hydration reaction is not taking place to any 
appreciable degree. The rheological properties of the 
slurry likewise undergo no appreciable change with 
time as contrasted to water-base slurries. Also since 
viscosity of the emulsion cement is dependent on the 
oil viscosity, an increase in temperature during appli- 
cation results in lower down-hole viscosity. 

The slurry itself is immiscible with water-base fluids 
and, even with relatively vigorous stirring, separates 
immediately into the two phases without dilution of 
the cement slurry. 

The slurry at room temperature is exceptionally sta- 
ble; formulations have remained fluid for more than 
a month, the only significant change being an increase 
in viscosity. Table 1 gives the effect of aging at room 
temperature on the properties of a typical slurry. It 
should be noted that rapid handling of the slurries at 
the surface is not necessary. 


FLuip-Loss 
Filtration rates from water-in-oil emulsion cements 


TABLE 1—EFFECT OF ROOM-TEMPERATURE AGING ON PROPERTIES OF 
WATER-IN-OIL EMULSION CEMENT SLURRIES SUBSEQUENTLY 
CURED AT 180°F 

Slurry Composition 
Weight ratio, 
emulsion: cement = 0.536 


Emulsion Composition 


65 parts by volume, water 
35 parts by volume, diesel oil 
3 parts by volume, Petronate L 
1.5 weight per cent of emulsion 
calcium chloride 


Age of Compressive strength (psi) Halliburton 30-minute 
Slurry cured at 180°F 10-min consistency _ fluid-loss 
(hours) 24-hour 7-day (poises) (cc) 
0 310 650 10 0 
8 365 737 12 — 
24 417 875 21 0 
48 413 800 22 — 
72 595 900 24 0.6 
168 430 1250 (14 days) 28 0.0 


TABLE 2—FLUID LOSS CHARACTERISTICS OF WATER-IN-OIL EMULSION 
CEMENT SLURRIES 
(Weight Ratio, Emulsion: Cement = 0.520) 


Emulsion composition its. API RP 10B 
30-min 
(parts by volume) Temperature  fluid-loss Total filtrate* 
Water Diesel oil Emulsifier (ce 
6504 35 3.0 80 0.6 
65 35 3.0 180 0.8 11.0 oil 
1.0 water 
70 40 2.5 80 1.6 oil 
1.0 water 
70 30 2.0 80 2.8 oil 


3.2 water 
*Total filtrate collected from time slurry placed in filter cell until final set. 


are consistently low, From the data in Table 2, an API 
30-minute fluid-loss of less than 1.0 cc may easily be 
attained. At 180°F the effects of temperature on early 
filtration rates appear negligible. 


Inasmuch as the emulsion in the cement slurry must 
break before set occurs, the filtration behavior, over the 
entire period from initial placement of the stable slurry 
to development of low permeability in the set mass, is 
expectedly complex. Three intervals are apparent dur- 
ing which the filtration behavior differs. The first inter- 
val represents the time during which the emulsion is 
stable, and the low static filtration rate varies linearly 
with the square root of time. The API 30-minute fluid- 
loss test describes this phase adequately. The second 
interval occurs as the emulsion becomes temperature 
unstable and begins to revert to an oil-in-water system. 
Most of the fluid-loss occurs in this period, and the fil- 
tration behavior is often erratic. Although our data are 
limited in this region, it appears that the amount of 
aqueous phase lost through filtration depends on the 
rate at which water is made available to the cement 
(the rate of emulsion breakdown) and the rate of up- 
take of water by cement (the rate of hydration). After 
hydration has proceeded for a period of perhaps two to 
three hours, the filtration rate decreases to a very low 
value consistent with permeability of a set cement. 


Although the first and last stages of this process 
may be satisfactorily explained by existing filtration 
theory, the second stage in which the emulsion reverts 
is a rate process in which the rate of emulsion break- 
down is probably the controlling factor. 


THICKENING TIME 


An outstanding feature of water-in-oil emulsion ce- 
ment is availability of long thickening times. Because 
hydration does not begin until a reversion of the emul- 
sion occurs, danger of flash setting does not exist; the 
cement slurry can be in place before the cement par- 
ticles contact water. Table 3 contains data on the thick- 
ening time for various formulations at several depth 
schedules. It is seen that these formulations are capable 
of being placed to depths to 18,000 ft, with thickening 
time considerably in excess of minimum requirements. 
In general, thickening times of nearly three hours are 
available for any well depth and temperature, For depth 
schedules not over 8,000 ft, thickening times of four 
hours or more are usual. The formulations containing 
sodium hydroxide were originally designed to provide 
earlier set strengths at lower temperatures. However, it 
was found that moderate concentrations of sodium hy- 
droxide also increased thickening times on the greater 
depth schedules. For example, 2.0 weight per cent so- 
dium hydroxide in the emulsion produced a maximum 
in thickening time on the 14,000-ft schedule. 


COMPRESSIVE STRENGTH 
Compressive strengths of water-in-oil emulsion ce- 
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ments are normally lower than conventional water slur- 
ries of the same weight. However, the compressive 
strengths in 24 hours are about 500 psi, generally con- 
sidered adequate for normal requirements.’ Table 4 
contains compressive strength data at various temper- 
atures for different formulations. The calcium chloride 
emulsion system is generally limited to a down-hole, 
statically measured temperature above 140°F to insure 
a positive set within 24 hours. The caustic soda for- 
mulation can be used at temperatures as low as 
110°F. At temperatures above 140°F early compressive 
strengths can be increased by using the caustic soda 
formulation. Compressive strengths continue to improve 
as curing time is extended. 


EFFECT OF SILICA FLOUR ON INVERTED 
EMULSION CEMENT 


The use of silica flour has been recommended to 
overcome the detrimental effects on Portland cement 
of curing at high temperature.’ In testing formulations 
of water-in-oil emulsion cements containing silica flour 
at 260°F and higher, the following advantages were 
obtained: (1) lower filtration properties, (2) increased 
thickening time, (3) higher 24-hour compressive 
strength, and (4) elimination of high-temperature 
strength retrogression. 


As shown in Table 5, the 66 per cent increase in 


thickening time on the 16,000-ft schedule alone would 
make this formulation worthy of consideration for deep- 
well cementing. Special attention is also called to the 
high 30-day strength at 260°F for a formulation con- 
taining equal amounts of silica flour and cement. 


Retrogression of compressive strength occurred after 
a three-day curing period in a system without silica 
flour at 260°F; more serious retrogression occurred im- 
mediately at 320°F. In samples containing silica flour, 
the 24-hour compressive strengths were higher than the 
neat formulation and continued to increase with fur- 
ther curing. 


FIELD TESTING 


Six field tests have been conducted using this system. 
Because of the necessity of obtaining a uniform, stable, 
water-in-oil emulsion as the suspending phase, several 
modifications in well-site operations were required. The 
initial field trials were performed principally to find 
optimum mixing and placement techniques. Wells were 
chosen with moderate bottom-hole temperatures in the 
range of 140° to 200°F. Data concerning these tests 
are compiled in Table 6. 


The first test was conducted primarily to study the 
properties of a field-prepared, water-in-oil emulsion ce- 
ment slurry. Therefore, arrangements were made to 
store the prepared slurry temporarily in a 210-bbl oil 
storage tank before final displacement. Equal amounts 


TABLE 3—API PRESSURE-TEMPERATURE THICKENING TIMES OF WATER-IN-OIL EMULSION CEMENT SLURRIES 


Weight per cent of emulsion Slurry 
Parts by volume Galciom Saatan Weight ratio, density Thickening time (minutes)* 
Cement Water Diesel oil Emulsifier chloride hydroxide emulsion: cement (Ib/gal) 6,000’ 8,000’ 14,000’ 16,000’ 18,000’ 
API Cl. A 
Brand A 70 30 6.0 1.5 — 0.48 14.8 — — — — 106 
65 35 5.0 1.5 2.0 0.52 14.6 — — —_ — 185 
65 35 3.0 1.5 2.0 0.52 14.6 240 + 240 + 220 190 102 
65 35 3.0 AS 0 0.52 14.6 240 + 240 + 175 93 80 
65 35 3.0 0 7 0.44 240 + 240 + 170 136 
60 40 3.0 hes 0 0.52 14.6 240 + 240 + 195 93 82 
65 35 3.0 15: 5.0 0.52 14.6 260 208 136 —_— — 
70 30 25 1.5 0 0.52 14.6 240 + 420 + 146 — = 
API CI. C 
Brand A 65 35 3.0 125 2.0 0.66 13.6 — — Pfs) 190 108 
*API RP 10B Casing Cementing Simulated Well Depth 
**Sodium chloride 
TABLE 4—COMPRESSIVE STRENGTHS OF WATER-IN-OIL EMULSION CEMENT FORMULATIONS 
Emulsion Composition Slurry 
Parts by volume Compressive Strength (psi) 
Diesel Calcium Sodium emulsion: Density 2 24 hours 72 hours 2 
Cement Water oil Emulsifier chloride hydroxide cement (Ib/gal) 110°F 140°F 180°F 110°F 140°F 180°F 
API CI. A 
Brand A 60 40 3.0 15 0.530 14.4 0 0 328 _ 540 785 
70 30 3.0 15) 0.522 14.6 0 0 554 — 750 978 
75 25 3.0 125: 0.526 14.6 0 0 673 — 715 950 
75 25 2.0 iED 0.575 14.3 0 250 640 _ 470 868 
65 35 3.0 1.5 0.520 14.6 0 0 485 _ 695 892 
65 35 3.0 es: 0.470 14.9 0 0 625 —_— 754 980 
65 35 DD ipa) 0.520 14.6 0 140 594 — 825 874 
65 35 2.0 125 0.565 14.3 0 162 378 —- 462 594 
Brond B 65 35 3.0 1.5 0.536 14.4 0 290 515 450 912 1124 
Brand C 62.5 37.5 2.6 1.5 0.520 14.6 0 190 465 378 640 1028 
Brand D 65 35 jar. 1-5; 0.490 14.8 0 0 268 0 325 424 
Brand A 65 35 3.0 has} 3.5 0.520 14.6 0 450 1225 530 725 1700 
65 35 3.0 165) 5.0 0.520 14.6 604 1030 1220 1285 1422 1525 
65 35 235 (5) At) 0.520 14.6 385 570 976 840 1154 1310 
65 35 3.0 0 Axbe 0.440 15.2 — 0 1775 — 960 2650 
Brand D 65 35 3.2 eS 5.0 0.490 14.8 — —_— 810 — — 1050 
Brand A 65 35 3.0 0 5.0 0.705 Tee 515 940 988 910 1230 1415 
65 35 3.0 15 0 0.610 1Se9 0 215 500 740 905 950 
65 35 3.0 1.5 5.0 0.565 14.3 275 1425 1300 1655 1825 1700 
*Sodium chloride 
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TABLE 5—CHARACTERISTICS OF A WATER-IN-OIL EMULSION CEMENT FORMULATION CONTAINING SILICA FLOUR AND AN API CLASS A CEMENT 


Emulsion composition 


65 parts by volume, water 
35 parts by volume, diesel oil 


Slurry composition 


Weight ratio, 
emulsion: cement = 0.520 


3.0 parts by volume, Petronate L 
1.5 weight per cent of emulsion, 
calcium chloride 


iti Compressive Strength (psi) 30-minute 
320°F Thickening time (minutes)* fluid-loss 
Cement Silica Flour 24-hour 72-hour 30-day 24-hour 72-hour 14,000 ft 16,000 ft 18,000 ft (cc) 
100 0 625 1325 1075 750 415 175 93 80 0.8 
70 30 1100 LUZ 2800 1325 2650 230 155 185** 0.0 
50 50 940 950 4875 1700 — 180 210 120 0.2 
*AP| RP 10B Casing Cementing Simulated Well Depth 
**4 parts by volume, Petronate L, 2.0 weight per cent of emulsion, sodium hydroxide 
TABLE 6—SUMMARY DATA OF WATER-IN-OIL EMULSION CEMENT FIELD TESTS 
24-hour 
Well Volume Slurry compressive 30-minute Type of 
depth Static temp. Sacks ratio weight strength (psi) fluid-loss, drilling 
Trial Location (ft) (°F) cement oil: water (Ib/gal) at static temp. (cc) fluid 
1 Oklahoma 9500 158 525 43 14.8 475 0.8 Inverted 
emulsion 
2 Louisiana 9500 168 550 .67 13.0 oe 0.0 Phosphate 
3 Offshore 6500 137 650 .60 14.3-14.7 190 ad Inverted 
emulsion 
4 Mississippi 10,600 215 500 .54 14.7 268 8.3** Inverted 
emulsion 
5 E. Texas 6500 185 300 .54 14.5 515 0.4 Lime base 
6 E. Texas 6200 185 325 .54 14.4 700 5.2 Lime base 
*48 hour 
**5 hour 


of oil and water plus the required amount of emusi- 
fiers were jetted into a 25-bbl paddle mixer. An oil-in- 
water emulsion formed which was recirculated to a 
regular cementing unit where Portland cement and ad- 
ditional water were added through the jet hopper. 

The calcium ion content of the first portion of ce- 
ment added was sufficient to cause an inversion of the 
emulsion to the water-in-oil type. In this fashion 25-bbl 
increments of slurry were prepared and placed in the 
storage tank until 125 bbl of slurry were on hand. It 
was then displaced into the casing, and rig pumps 
easily finished the displacement operation. Total time 
from the initial mixing step involving the first 25-bbl 
batch to completion of the entire operation was slightly 
over five hours. A temperature survey run 19 hours 
later gave an indicated top of the cement and a satis- 
factory fill. As a result of this test, it was demonstrated 
that a slurry of this type could be made in the field and 
placed in an oil well. 


The second test was carried out to determine if over- 
all preparation and displacement time could be lowered 
by preparing a water-in-oil emulsion beforehand so that 
after adding the cement, the slurry could be displaced 
in the conventional manner. Calcium chloride was used 
in the water in order to insure the formation of the 
water-in-oil type emulsion. Emulsion stability reached 
levels of between 40 and 50 v. It was subsequently 
found that the desired density (14.5 Ib/gal) could not 
be achieved without causing excessive viscosities. Be- 
cause the average density of the slurry reached only 
13.0 Ib/gal, a 72-hour period was allowed for strength 
development. A successful operation was indicated. Re- 
sults of this test demonstrated that a higher emulsion 
stability was required if this procedure was to provide 
a Satisfactory slurry. 


Subsequent field tests have been carried out to deter- 
mine the optimum methods of preparing a water-in-oil 


emulsion with stability between 80 and 100 v. When 
this range is reached, the emulsion can easily tolerate 
the cement content requirement of 14.5 lb/gal slurry. 
Final slurry stability will then range from 40 to 60 v. 


For this purpose a 5,000-gal emulsion blender is 
ideally suited. The emulsion can be prepared at the well- 
site while casing is being run or at an earlier time at 
some central location. The cement is then added to the 
blender with a bazooka loader at the well-site, or it can 
be added at a central location hours or even the day 
before the final placement. Both types of operation have 
been successfully performed. In this way the over-all 
time is no longer than that of an ordinary cementing 
job. At present, use of emulsion blenders to prepare the 
slurry beforehand appears to be the most satisfactory 
method. 


SUMMARY 


It has been demonstrated that water-in-oil emulsion 
cements can be easily mixed and placed in the routine 
cementing of oil well casing. Properties of such field- 
prepared systems are similar in all respects to equiv- 
alent compositions prepared in the laboratory. These 
formulations are unique in that, until they are in place 
within the wellbore, the continuous liquid phase is oil, 
the cement particles being coated with a film of oil and 
out of contact with water. 


Control of thickening time is obtained by regulating 
thermal stability of the water-in-oil emulsion so that 
the emulsion reverts to the ordinary oil-in-water type 
at relatively short times after placement has been com- 
pleted. During this process, most of the water is avail- 
able for cement hydration, and a continuous struc- 
tural network of hydrated cement results in moder- 
ate 24-hour compressive strengths. Compressive strength 
continues to increase for several days after placement. 
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The addition of silica flour to the formulation prevents 
high-temperature strength retrogression as it does with 
ordinary Portland cements. 


Because of the very low filtration rates from this type 
of system, it should provide much better protection to 
water-sensitive production zones than water-base ce- 
ments. In particular where production formations have 
been drilled with oil-base or inverted-emulsion drilling 
fluids, this type of cement provides an ideal companion 
completion technique. 


Laboratory and field tests of water-in-oil emulsion 
cements have been carried out in cooperation with the 
cementing service companies. 
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Correlation of k,/k. Data with Sandstone 
Core Characteristics 


MARTIN: FELSENTHAL 
MEMBER AIME 


[NTR ODUCT LON 


Engineers are frequently faced with the problem of 
having to predict oil recovery from a solution gas drive 
reservoir in the early life of a field. This is often the 
time when actual laboratory or field-derived gas-oil per- 
meability (k,/k,) data are not yet available. Although 
excellent collections of k,/k, data for various types of 
rocks may be found in the literature,””* a need exists 
for a more detailed correlation of k,/k, data with core 
properties such as porosity, permeability, clay content 
or pore-size distribution. It is the purpose of this article 
to present this type of correlation for sandstone ma- 
terial. The correlation is based on laboratory tests per- 
formed on over 300 core samples from 19 reservoirs 
in the United States and Canada. 


EXPERIMENTAL 


Cores were analyzed by routine procedures, using 
samples of conventional size (%-in. diameter, 7%-in 
long) cut parallel to the bedding planes. Air permeabil- 
ity was measured at 1.67 atm mean pressure in a 
Hassler-type apparatus. Porosity was determined with 
the aid of a Ruska bulk volume meter and a Boyle’s 
Law rock volume meter. An evaporation method* was 
used to evaluate irreducible water saturations. 

Core samples were saturated with 25,000 ppm NaCl 
brine. The brine was reduced to the irreducible satura- 
tion, and the remainder of the pore space was filled 
with kerosene. This was followed by multiphase flow 
tests using the so-called “dispersed feed” technique.” In 
this technique, gas and oil (kerosene and kerosene-satu- 
rated air) were dispersed with the aid of a porous Alun- 
dum feed head, the face of which contained a waffle- 
shaped system of Lucite-lined grooves. Oil entered the 
back side of the feed head and emerged at the raised 
areas of the front face. Gas was introduced directly into 
the system of grooves at the front face. The gas-oil mix- 
ture then entered the test core which was kept in capil- 
lary contact with the feed head. Permeabilities were de- 
termined from rate and pressure measurements and 
saturations from weights. All determinations were per- 
formed at equilibrium or steady-state conditions. 

Pore-size distributions were determined on selected 
samples by a mercury injection technique.” 


GENERAL CORRELATIVE TRENDS 


When examining data from a given reservoir, it was 


Original manuscript received in Society of Petroleum Engineers 
office May 15, 1959. Revised manuscript received Aug. 14, 1959, 
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noted that k,/k, vs saturation curves became generally 
less steep as specific air permeability increased, a de- 
velopment that has a favorable effect on oil displace- 
ment efficiency by solution gas drive. This trend has 
also been reported by others in the literature.’ 

An effect of porosity on k,/k, data was also noted. 
This effect was not generally discernible in a study of 
relative permeability data for a given reservoir but be- 
came apparent when data for sandstone reservoirs of 
similar lithology but differing average porosity were 
compared. For instance, in a comparison of argil- 
laceous and/or calcareous sandstones from 11 reservoirs 
ranging in average porosities from 14 to 28 per cent, 
a definite trend was noted, indicating that for a given 
permeability k,/k, curves became less favorable (i.e., 
steeper) as porosity increased. A similar trend was ob- 
served for a group of comparatively clean sandstones 
from five reservoirs ranging in average porosities from 
15 to 21 per cent. 

For a given permeability and porosity, comparatively 
clean sandstones gave more favorable k,/k, curves than 
argillaceous and/or calcareous sandstone or chert res- 
ervoirs. The laboratory studies also showed that least 
favorable k,/k, curves were exhibited by shaly sand- 
stone, conglomerate, and sandstone containing carbon 
inclusions. Table 1 lists the various source reservoirs 
classified by lithology types. 

To facilitate a correlation of k,/k, data with core 
characteristcis, it was found expedient to work with 
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certain k,/k, curve co-ordinates and with averages for 
groups of six core samples. Fig. 1 illustrates an exam- 
ple correlation of some of these data. Note that the 
figure also includes a data point for an outcrop sand 
used in Botset’s pioneer gas-liquid flow study. 


USE OF CORRELATION GRAPHS 


Figs. 2, 3 and 4 present correlations of k,/k, curve 
co-ordinates with core characteristics for various types 
or classes of cores. Class I represents comparatively 
clean sandstone, Class II argillaceous and/or calcareous 
sandstone, and Class III shaly~or carbonaceous sand- 
stone and sandy conglomerate. The graphs should be 
useful for estimating a k,/k, curve from permeability, 
porosity and lithology data when actual k,/k, curves 
for the particular reservoir under study are not yet 
available. The procedure for using the correlation 
graphs can be briefly described as follows. 

1. With the aid of either Figs. 2, 3, or 4 (depending 
on the type of rock), co-ordinate points of gas satura- 
tion (S,) at k,/k, = 0.01, 0.1, and 1 are selected. 

2. The co-ordinate points are plotted on semilogarith- 
mic paper and connected with a smooth k,/k, vs S, 
curve. 

If reservoir lithology is not known, it is suggested 
that the correlations for Class II cores (Fig. 3) be used 
as a first approximation. 


DIES Ss: TRE S UE 


The standard deviation shown on the correlation 
graphs refers to the deviation exhibited by individual 
core samples at k,/k, = 1. As the curves converge at 
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Fic. 3—k,/k, Curve Co-oRDINATES FOR ARGILLACEOUS AND/OR 
CALCAREOUS SANDSTONES (Crass II) Basep on 161 Core 
SAMPLES FROM 1] RESERVOIRS. 


lower k,/k, ratios, the standard deviations become cor- 
respondingly smaller. 

The data of Table 1 indicate that all Class I cores 
tested to date happen to be well-cemented Cretaceous 
age rocks originating in or near the Rocky Mountain 
area. 

The majority of cores tested belong in Class II, which 
generally represents “dirty” sands. Data obtained on 
cores from a chert reservoir also matched correlations 
of this class (Fig. 1) as did a few data obtained on in- 
tergranular limestone. The reservoirs in this class ap- 
pear to cover all geological eras and a wide variety of 
cementation and of geographic origins. It is believed 
that the majority of reservoirs containing intergranular- 
type porosity will have Class II characteristics. 


Class III cores include the more unusual types, 1.e., 
shaly or highly carbonaceous sand or conglomerate. 
These cores represent a variety of geologic eras, degrees 
of cementation and geographic areas of origin. 


Class I-A cores occurred least frequently among the 
samples tested. They represent comparatively clean 
sandstone possessing micro-stratification, i.e., thin (1 to 
2 mm) high permeability layers, a characteristic which 
was also noted to a lesser extent in Class III cores. In 
both classes III and I-A, the effect of permeability was 
greater than for the more homogeneous cores of classes 
I and II. 


The parameters used in the correlations—permeabil- 
ity, porosity and type of sandstone—are actually func- 
tions of pore geometry. The correlation graphs show 
that, for a given type or class of sandstone, k,/k, curves 
become less steep as permeability increases and porosity 
decreases. This relationship bears a resemblance to the 
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Kozeny equation 


k 
where S, = specific surface area on a rock volume 
basis, 
t = tortuosity coefficient, 
k = specific permeability, 


= porosity. 

From this it is postulated that the steepness of the 
k,/k, curves is in some way related to the specific sur- 
face area. Because specific surface area is one of the 
major factors that determine irreducible interstitial 
water saturation, it is not surprising that recently de- 
veloped empirical equations used the latter parameter 


for predicting k,/k, curves.’ In applying these equations 
to laboratory data used in this work, a good agreement 
was obtained for comparatively clean (Class I) cores. 
For argillaceous and calcareous (Class II) cores, how- 
ever, the equations gave more optimistic k,/k, curves 
than the correlation curves shown in Fig. 3. 


Pore geometry may also be characterized by the dis- 
tribution of pore sizes, A correlation between this dis- 
tribution and k,/k, characteristics was anticipated for 
the following reason. Since oil removal by depletion 
drive proceeds from the larger to the smaller pores, oil 
displacement should be most efficient (and k,/k, curves 
most favorable) if the pore-size distribution curve has 
a sharp peak among the larger pores. Such a peak was 
noted for clean (Class I) cores but not for argillaceous 
(Class II) cores. As was noted previously, it was the 
clean (Class I) cores that exhibited the most favorable 
k,/k, curves from the point of view of oil displacement 
efficiency. 

In order to study the effect of pore-size distribution 
more closely, attempts were made to describe the dis- 
tribution by a single “number” which would then be 
correlatable with a key co-ordinate of the k,/k, curves. 
The most successful of these attempts made use of the 
following procedure. 

1. The pore size (microns) and the slope (fraction 
of pore space —- micron) at the 20 percentile point 
of the cumulative pore-size distribution curves were de- 
termined. 

2. Multiplying the two values yielded a number which 
was correlated with the k,/k, curve co-ordinate at k,/k, 
= 1, as illustrated in Fig. 5. 

The standard deviation in Fig. 5 is in the same order 
of magnitude as the deviations from the correlations 
based on permeability, porosity and lithology (Figs. 2, 
3 and 4). This indicates that within the range of values 
investigated it is possible to estimate k,/k, data solely 
from pore-size data. The correlation shown in Fig. 5 
has been used to advantage for loosely consolidated 
sand that was suitable for pore-size tests but unsuitable 
for k,/k, tests. 


Fig. 6 shows a comparison of laboratory data with 
field-derived data. It may be noted that the laboratory 


TABLE 1—SOURCE RESERVOIRS OF kg/ko TEST SAMPLES 


CLASS | — COMPARATIVELY CLEAN SANDSTONE 
Average 
Porosity 
Location Per cent Predominant Lithology Cementation GraintSive 
A Cret. Wyo. 15 oS: Very well i 
B Cret. Wyo. 16 SS Very well as peng 
Cc Cret. Alberta 17 Ss Well Fine to med 
D Cret. Colo 19 Ss Very well Fine see 
E Cret. Wyo. 21 Ss Very well Sate 
CLASS Il — ARGILLACEOUS AND/OR CALCAREOUS SANDSTONE OR CHERT 
F Plio. Calif. 18 Argill. calc. ss., some sandy cgl. Well t i 
G Plio. Calif. 19 Argill. calc. ss., some sandy cgl. Med. 
H Plio. Calif. 20 Argill. ss., some calc. ss. 
| Olig. Tex. 20 Argill. ss., calc. ss. Med. to poor Med Se coaise 
J Olig. Tex. 22 Calc. ss. Well Ape 
K Olig. Tex. 25 Argill. calc, ss. 
L Olig. Tex. 28 Argill. calc. ss., some calc. cgl. Med. to poor Med 
M Cret. Wyo. 14 S$, some carbonaceous inclusions Very well Fiat 
N Cret. Wyo. 19 Argill. ss. Med to poor Fi 
9 Penn. Okla. 17 Argill. ss. Med. eo 
iss. ‘ans. 25 Weathered chert, sh. and Is. Well t 

Q Ord. N. Mex. 14 SS, some argill. ss. Well 
CLASS — SHALY OR CARBONACEOUS SANDSTONE OR SANDY CONGLOMERATE 
M-1 Cret. Wyo 14 SS, many carbonaceous inclusions Vv 

ery well i 
N-1 Cret. Wyo. 17 Shaly ss. Mad to poor Aue 
R Penn. Tex 16 Sandy cgl. Well Gscee 
CLASS |-A — HIGHLY STRATIFIED, COMPARATIVELY CLEAN SANDSTONE 
C-1 Cret. Alberta 17 SS, permeability layers few mm thick 

' Well i 
Ss Penn. Wyo. 15 SS, randomly disected by quartz veinlets Well ue Ptigec 
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curves were too conservative because of gravity drain- 
age in one case (Reservoir F). In the remaining cases, 
for the linear velocity relationship instead of 18,500 


MMAR Y AND CONCLUSIONS 


Correlation curves between laboratory k,/k, data and 
sandstone core characteristics are presented. The curves 
should give reasonably accurate k,/k, data for predic- 
tions of reservoir performance; however, the general 
complexity of reservoir conditions makes it advisable 
to review and, if need be, revise these predictions when 
actual field-derived k,/k, data become available. 

Within the range of core properties studied (air per- 
meability 10 to 1,500 md, porosity 14 to 28 per cent), 
k,/k, vs saturation curves become less steep as the sand 
becomes more permeable, cleaner and less porous. This 
decrease in steepness is generally considered diagnostic 
of a more favorable oil recovery (on a per cent pore 
space basis) by solution gas drive. 

A correlation between k,/k, data and pore-size dis- 
tribution was also noted; thus the more favorable (less 
steep) k,/k, curves were generally associated with a 
pore-size distribution curve having a sharp peak among 
the larger pores. 
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Acoustic Velocity in Porous Media 


JAMES E, BERRY 


A Bos: 


An evaluation is made of the acoustic velocity log 
for measurement of formation porosity. Plots of field- 
observed velocities vs core-measured porosities of sand- 
stones and limestones with intergranular porosity show 
that the velocity log gives a useful measure of porosity, 
in agreement with published data. A new method of 
plotting electrical and velocity log data makes it easier 
to recognize hydrocarbon-water contacts from log data 
and to make semi-quantitative estimates of hydrocar- 
bon saturation. Two examples of this interpretation 
technique are given. This paper also discusses the var- 
ious factors that affect acoustic velocity and shows how 
corrections can be made for some of these factors. 


Although the continuous velocity log was developed 
primarily as an aid to seismic interpretation, it is find- 
ing widespread use for measurement of porosity. The 
purpose of this paper is to evaluate this use of the log. 
Results are presented for the velocity-porosity relation- 
ship in many sandstones and one limestone. Practical 
applications of porosity values derived from the velocity 
log to improve interpretation of electrical surveys are 
presented. 

Various parameters which affect velocity in porous 
media are considered. Porosity, composition, cementa- 
tion, pressure difference (overburden pressure minus 
fluid pressure), fluid saturation, and wettability are dis- 
cussed. Some of the ideas are opinions based on general 
considerations of well logging problems while others 
are supported by published data and our own observa- 
tions. Major conclusions from these studies are given 
in the body of the paper and detailed discussions of 
some of the various factors affecting porosity are given 
in the Appendix. 


PO'R-OS 

SANDSTONES 

The primary factor affecting the velocity of sound 
in porous media is porosity. Wyllie, et al,’ have re- 
ported a time average equation for the relationship be- 
tween velocity and porosity.* This has found consider- 
able acceptance in the industry. Other relationships be- 
tween velocity and porosity have been proposed, none 
of which are entirely satisfactory. It is doubtful that 
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*Wyllie is usually credited for the time-average equation; how- 
ever, it has been pointed out that the equation had been published 
im the | same content and notation in a paper by Hughes and 
Jones. 
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any one relationship will completely describe all situa- 
tions. 


We have tried an empirical relationship based on 
correlating log velocities with core-measured porosities. 
Measured porosities were averaged over a depth inter- 
val equal to the spacing used in recording the velocity 
logs. The depth range for the information used was 
from 2,000 to 12,000 ft. Velocity measurements were 
normalized for the effects of depth and overburden 
pressure. A detailed discussion of the basis for this nor- 
malization is given in the Appendix. The change is 
usually insignificant and when working with individual 
formations it can be neglected. All velocity measure- 
ments were normalized to a depth of 10,000 ft. 


The velocity-porosity data for sandstones in Fig. 1 
came from 20 wells scattered throughout the Mid-Con- 
tinent and Gulf Coast areas. The scatter of the data 
points is attributed to three causes: 


1. There is no theoretical basis for expecting an ex- 
act velocity vs porosity relationship and it is not pos- 
sible to correct precisely for the effects of such factors 
as impurities, grain shape, manner of cementation, etc. 
Some of these factors are discussed in the Appendix. 


2. Porosities measured by core analysis are not 
necessarily representative of what the velocity log 
“SEES. 


3. Inaccuracies appear in the velocity log reading. 
This is particularly true of velocities from one-receiver 
logging tools.** 


A linear-time curve (time-average equation) is plot- 
ted in Fig. 1 along with the best straight line through 
the points. Velocities used for the linear-time curves 
were 19,500 ft/sec for the matrix velocity (zero por- 
osity) and 5,500 ft/sec for fluid velocity. For clean 
sandstones with velocities greater than 10,000 ft/sec, 
there is little difference between the velocity-porosity 
and the time-porosity curves, Both curves are well with- 
in the scatter of data points. 


The data points in Fig. 1 were restricted primarily 
to clean sandstones, using the SP and/or gamma-ray 
logs as clues to the lithology. Where a lithologic de- 


**Some of the data in Fig. 1 are from one-receiver velocity logs. 
However, these logs were calibrated with nearby two-receiver logs 
or known formation velocities. Examples are 20,000 ft/sec maximum 
velocity in the Viola limestone of Central Oklahoma and 15,000 
ft/see for salt or 21,000 ft/sec for anhydrite in the Delaware 
basin of West Texas. The results of more recent data indicate that 
on the average, the data of Fig. 1 have a velocity of about 1,000 
ft/see too high for a given porosity. This does not materially affect 
the conclusions of the paper, but it does support the linear-time 
curve suggested by Tixier, et al*, rather than Wyllie’s equation. 
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Fic. 1—Vetociry vs Porosrry ror SANDSTONE. 
scription of the cores indicated a calcareous sandstone, 
the velocity was usually high for a given porosity. Sand- 
stones containing shale or clay invariably had a low 
velocity for a given porosity. When appreciable amounts 
of shale are present, the linear-time curve seems to give 
a better porosity indication for the normal porosity 
range of 10 to 25 per cent than does the linear velocity. 
The dashed lines in Fig. | indicate the effects that may 
be expected from shale or calcite. The effects of these 
impurities may be more severe in extreme cases than is 

indicated. 

Tracings of logs and plots of core porosities for some 
of the wells used in Fig. 1 are given in Figs. 2-4. 
Porosities measured from cores are plotted together 
with porosities derived from a linear-time equation and 
a linear velocity equation. The data derived from the 
velocity logs were fitted to the core porosity grid by 
the solid-line relationships shown in Fig. 1. The log ve- 
locity values were also normalized for depth using Fig. 
19. (See Appendix). 

Fig. 2 presents the data from a well located on the 
eastern edge of the Delaware basin in West Texas. Ve- 
locities were adjusted to a depth of 5,000 ft by using 
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Fic. 2—Comparison oF Porosity From Core ANALYSIS AND 
Porosity Derivep From VeLociry Loc Usine (A) LINEAR 
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a normalizing factor of .97 obtained from Fig. 19. This 
gives a matrix velocity at zero porosity of 17,900 ft/sec 
for the linear velocity relttionship instead of 18,500 
ft/sec normally used for 10,000 ft of depth. Similarly, 
the velocity for 25 per cent porosity was reduced from 
12,500 to 12,100 ft/sec. The terminal velocities for the 
linear-time relationship used in Fig. 2 are 18,900 and 
5,300 ft/sec compared to 19,500 and 5,500 ft/sec, 
respectively, for 10,000 ft. At 5,000 ft, the adjustment 
is not significant. 

Fig. 3 represents a rather shallow sand where the 
adjustment for depth is appreciable. A normalization 
factor of .87 was used for Fig. 3. This gives the fol- 
lowing calibration points: 

1. For linear velocity: 

zero porosity — 16,200 ft/sec 

25 per cent porosity — 11,000 ft/sec 
2. For linear-time: 
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Terminal velocities of 17,200 and 
5,150 ft/sec. 


Fig. 4 shows what can happen to the velocity-po- 
rosity relationship in the presence of impurities, In this 
case the impurity is probably shale. Measured porosi- 
ties are generally low opposite suppressed SP readings 
such as at depths of 11,665, 11,690, and 11,785 ft in 
Fig. 4. The SP log suggests the presence of shale which 
would tend to have two effects on velocity-porosity 
comparisons: (1) water in shales is not measured as 
porosity by routine core analysis, and (2) even a 
small percentage of shale in a sandstone section may 
decrease the velocity for a given porosity. The over-all 
results shown in Fig. 4 are probably due to a combina- 
tion of these two effects, Clearly the presence of shale 
does materially affect the velocity-porosity relationship. 
The effects on the velocity in sandstone will depend 
upon the amount and type of shale and its relationship 
to the sandstone matrix; i.e., cementing agent, pore 
filler, or grain structure. 


LIMESTONE 


Data for comparisons of formation properties with 
velocity variations in limestones and dolomite are some- 
what lacking. Carbonate rocks may be divided into two 
classes: (1) those with intergranular porosity, and (2) 
those with fracture or vugular porosity. Two limestones 
may be chemically identical but quite different struc- 
turally. 


Velocity variations associated with porosity in lime- 
stone with an intergranular type porosity are shown in 
Fig. 5. The data are from 190 ft of a limestone sec- 
tion (Young and Pettit formations of Cretaceous age) 
at a depth of about 6,000 ft in a well in Caddo Par- 
ish, La. The cores are described as oolitic to coquina 
limestone with some vugular porosity. The velocity log 
was made with a 6-ft, two-receiver tool. There is con- 
siderable scatter of data points; hence, a linear-time 
plot would fit the data equally well. Velocities for lime- 
stones are generally higher (about 1,000 ft/sec) than 
for sandstones with the same porosity. This is to be ex- 
pected because the velocity of CaCO, is higher than that 
of SiO,. Similarly, dolomite can be expected to have a 
slightly higher velocity than limestone. 


CORRELATION WITH ELECTRICAL PROPERTIES 


A basic assumption of electric log interpretation is 
Archie’s’ relationship, F = ¢”, where F is formation 
resistivity factor, ¢ is fractional porosity, and m is ce- 
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mentation exponent. F is defined as the ratio of the re- 
sistivity of a water-saturated rock, R,, divided by the 
resistivity of the saturating water, R,,. With certain res- 
ervations, these values usually can be determined from 
a borehole electrical survey. 


Three wells, two in the Gulf Coast area and one in 
Oklahoma, were used to compare electric and acoustic 
properties. The comparison was made by plotting po- 
rosity derived from the velocity log against F derived 
from the electric survey. 


One well was located in Beauregard Parish, La. (data 
in Figs. 6, 7, and 8). A 6-ft, two-receiver velocity log 
was run in the well along with a standard induction- 
electric survey. There were many sand formations, thick 
compared to the spacing of either tool, within the depth 
interval of 2,400 to 6,700 ft. An apparent resistivity, 
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a self-potential voltage, and a formation velocity were 
read for corresponding points within various sand for- 
mations. Because of the wide depth range, Fig. 19 was 
used to normalize formation velocity. Schlumberger s 
Log Interpretation Charts’ were used to interpret the 
electrical survey. 


Fig. 6 gives the plotted results of R,, with depth de- 
termined from the SP voltage. The dashed line repre- 
sents actual values used through the depth interval of 
6,700 to 3,900 ft. Above 3,900 ft, R,, increased rapidly 
and was not smoothed. F was obtained by dividing the 
induction log resistivity by R,, from Fig. 6. It was not 
necessary to correct the induction log readings for in- 
vasion. 


The log-derived F and porosity are plotted in Fig. 7 
along with similar log-derived data from two additional 
wells, one well in Nueces County, Tex. and the other 
in McClain County, Okla. The depth range in the Texas 
well was 1,400 to 4,400 ft and the Oklahoma well depth 
range was 8,000 to 9,000 ft in the Simpson formation. 
The induction log readings from the Oklahoma well 
were corrected for invasion of drilling mud filtrate by 
using the short normal curve and the chart on page 
B-10 of Schlumberger’s Log Interpretation Charts. To 
be consistent with the previous data, porosities from 
the Oklahoma well were determined from the linear 
velocity relation; however, the linear-time relation ac- 
tually gives a little better correlation with the electrical 
properties. 


The purpose of the above plot is to demonstrate the 
effectiveness of the velocity correction with depth. (Data 
are from 1,400 to 9,000 ft.) However, the empirical 
correlations involved are not exact enough for any 
quantitative conclusions, That is, corrections for depth 
at the shallower levels are about 15 per cent, but the 
scatter of data points for a given value of F is about 
25 per cent. Thus all that can be said is that, qualita- 
tively, there is no marked tendency for velocity-derived 
porosities to increase at shallower depths without a 
corresponding decrease in F. 
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Comparison was made between (Ry), computed 
from the SP equation and R,, computed from other logs 
in the Louisiana well. R, was computed from the ve- 
locity log and the resistivity curve by dividing R, by an 
ie found from a velocity-derived porosity and the equa- 
tion, F = .62¢~”". These data are plotted in Fig. 8 
along with the 100°F (approximate formation temper- 
ature) curve for the same parameters taken from the 
chart on page A-12 of Schlumberger’s Log Interpreta- 
tion Charts. This comparison indicates that the R,, cor- 
rection is applicable in this well. 


Empirical relationships between F and porosity re- 
sult in a Straight line on a log-log plot. Archie’s equa- 
tion, F = @”, may be re-written ¢6 = F-””, or if we 
assume m= 2, ¢=1/\/F. If we construct a scale 


proportional to 1/\/F for the ordinate and use a linear 
scale for porosity on the abscissa, we still maintain the 


straight-line relationship. (The scale, 1/\/F, is the 
same scale used in Fig. 22 of Tixier, Alger, and Doh.’) 
Such a plot can be extrapolated at zero porosity and 


1/\/F = 0 (or F = CO). 


A graph with these scales is shown in Fig. 9. The 
lines in the figure are for the more common relation- 
ships between F and porosity, These are F= ¢"", 
and F = .62 6°”. All of the lines appear to 
be essentially straight. However, there is enough curva- 
ture in the F = ¢”* line to significantly miss the origin 
if the line is extrapolated from high porosity values to 
the abscissa. 


The practical aspects of the above plot are as fol- 
lows. The velocity log readings (either time or velocity) 
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can be substituted for porosity and the electric log read- 
ings can be used instead of F. (Since F = R,/R,, a 
different value of R,, will change the slope of the line 
but not the intercept with the porosity or time axis.) 
Compensation for pressure differences are necessary 
only when comparing velocities measured at consider- 
ably different depths. Pressure difference through a 
given formation should be relatively constant. 


A range of porosities in water-saturated sands should 
establish a line of points which will be called a water 
line. R,, does not need to be known but must remain 
constant through the interval plotted. The water line 
can be extrapolated to the abscissa to give the matrix 
time or velocity at zero porosity. This is one point for 
calibrating the velocity log for the particular forma- 
tion in terms of porosity. Data points from zones with 
hydrocarbon saturation will be displaced from the water 
line because of the increase in resistivity. The distance 
from the water line should be indicative of the amount 
of saturation. 


For a qualitative interpretation, however, only a 
visual inspection of the plotted readings from the logs 
should be necessary. Fig. 10 is a set of logs of the 
Mississippian chat in Barber County, Kans. These logs 
are difficult to interpret individually in a conventional 
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manner. Fig. 11 is a plot of the log values read directly 
from the logs. Points were picked for each 2-ft depth 
line on the logs. The region of prime interest is shown 
by the location of the numbered points on the depth 
scale of the logs in Fig. 10. All plotted points on the 
water line (Fig. 11) are below the numbered points 
in depth: The numbered points are in the transition 
zone. All points marked “oil” are above the numbered 
points. The well actually produced gas. An extension 
of the water line to infinite resistivity gives a time 
through the matrix. In the few cases tried, plotting 
linear velocity on such a plot will give about as good a 
straight line through the water zone, although it may 
give a little different matrix velocity, From an examina- 
tion of Figs. 1 and 3, it appears that for velocities less 
than 10,000 ft/sec, a linear relationship between ve- 
locity and porosity is preferable. 


A similar interpretation was made on another set of 
logs from a well in Mobile County, Ala. Figs. 12 shows 
a portion of the logs. The pay formation, Rodessa (Cre- 
taceous), was drilled with an oil-base drilling mud be- 
cause it is shaly and subject to water damage. The pres- 
ence of shale undoubtedly contributes to the scatter of 
points in Fig. 13 even though the gamma-ray curve 
was used to eliminate shale zones. Fig. 13 is a plot 
of conductivity and corresponding time for points within 
the Rodessa which has a gamma-ray activity of less than 
3-microgram radium equivalent per ton. The ordinate in 
Fig. 13 is proportional to the square root so readings 
from the conductivity trace can be plotted directly. Al- 
though there is considerable scatter of points, the water 
line can be extended to the abscissa to give a matrix 
time of 52 or 53 psec/ft. Several feet of cores were taken 
from the oil-saturated part of the formation. Measured 
porosities from these cores were correlated with log 
times and plotted in Fig. 14. Extrapolating the data to 
zero porosity gives a matrix time of 54 to 55 usec/ft. 
This is in reasonable agreement with the matrix time 
from Fig. 13. The time at 15 per cent porosity is 78 
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psec/ft. A time of 78 usec/ft in Fig. 13 corresponds to 
water line conductivity of 700 mho/m or a resistivity 

where R, = 1.43, and 2, R, — .032 
ohm-m. No water has been produced from the field but 
R., has been estimated to be 0.03 ohm-m at formation 
temperature from the SP logs from other wells in the 
field. The cored intervals were subsequently found to 
be oil-saturated, but apparently the porosity-time cor- 
relation (Fig. 14) is not seriously affected by the pres- 
ence of oil saturation. The 2-*or 3-microseconds/ft dif- 
ference in matrix time between Fig. 13 and 14 may in- 
dicate a small decrease in velocity caused by oil satura- 
tion. The effects of saturation are discussed in more 
detail in the Appendix. 


of 1.43 ohm-m. Using the equation, F = 


A plot such as Fig. 13 can be calibrated in terms of 
saturation if m in Archie’s saturation equation, S,," = 
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R./R.*, has a value near two and if the relation be- 
tween velocity and porosity is not appreciably affected 
by saturation. Calibration lines fan out from the inter- 
section of the water line and the abscissa and will in- 
tersect any vertical line between the abscissa and the 
water line at points proportional to the saturation. Thus 
a 50 per cent saturation line will extend from the 
matrix time on the abscissa and bisect the vertical dis- 
tance from the water line to the abscissa. The water 
line corresponds to zero saturation, and the abscissa 
represents 100 per cent hydrocarbon saturation. The 
points on Fig. 11 interpreted as oil indicate a very low 
value of saturation, or a formation where n is much 
lower than two. 


SUMMARY 


Any factor that affects the elastic constants of a por- 
ous medium will affect the acoustic velocity. From our 
work and that of others, we conclude that the primary 
factor affecting velocity is porosity. Other factors are 
usually not important, but under certain circumstances 
one or more of them may have appreciable effect. 


Plots of field-observed velocities vs core-measured 
porosities for sandstones and one type of limestone (in- 
tergranular porosity) show that the velocity log gives a 
useful measure of porosity, in agreement with pub- 
lished data. The correlation between velocity and po- 
rosity can be either on a linear-time basis or a linear 
velocity basis. Since the velocity log is recorded in lin- 
ear-time, it is preferable to use a linear time-porosity 
relationship except when velocities are less than about 
10,000 ft/sec. 


*Sw = water saturation 
n = the saturation exponent 
Ro = the resistivity of 100 per cent water-saturated media 
Ri = the resistivity of oil-saturated media 
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A comparison of porosity from the velocity log and 
from formation resistivity factor determined from elec- 
tric logs shows an empirical correlation between these 
two rock properties. This correlation then establishes 
the basis for using the porosity as determined by the 
velocity log for interpreting an electrical resistivity sur- 
vey. The velocity log can be used for this purpose with 
considerable latitude both in rock type and porosity 
ranges. A plot is presented whereby a qualitative and 
even an approximate quantitative interpretation of for- 
mation porosity and hydrocarbon saturation can be de- 
termined with no information other than an electrical 
log and a velocity log. Of course, other knowledge such 
as core-measured porosity, formation water resistivity 
and a lithologic description makes the interpretation 
more precise. 


Two examples of this new technique are given. One 
plot clearly indicates a gas-water contact which is quite 
obscure on the logs. The other plot shows a quantita- 
tive interpretation of oil-water saturation. 


The author is indebted to A. T. Hingle, Mobil Oil 
Co. for suggesting the graph shown in Fig. 9, and to 
various members of the Socony Mobil Field Research 
Laboratory for their many helpful suggestions in writ- 
ing this paper. 
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APPENDIX 
INTRODUCTION 


The correlation between porosity and velocity can 
sometimes be improved if some of the minor factors 
which affect velocity are considered. With the excep- 
tion of pressure difference, which can be approximated 
from depth, these minor factors can be treated only in 
a qualitative manner. 


The following parameters are considered: pressure 
difference, cementation, saturation, and wettability. 
They are not independent of one another. A well ce- 
mented sandstone is relatively unaffected by any of the 
other factors. A poorly cemented sandstone is increas- 
ingly affected by hydrocarbon saturation and wettabil- 
ity as the pressure difference is decreased. Pressure dif- 
ferences are small enough at shallow depths to appre- 
ciably affect the porosity-velocity relationship. This is 
particularly true in unconsolidated or poorly cemented 
sands. 


SOME FACTORS THAT AFFECT ACOUSTIC 
VELOCITY IN POROUS MEDIA 


PRESSURE 


Velocity measurements of sandstone cores plotted 
against pressure difference (overburden pressure minus 
fluid pressure) on a log-log scale will usually result in 
a quasi-straight line at moderate pressure differences 
(below 6,000 psi). Brandt’ discusses this to some ex- 
tent and points out that any theoretical model based 
on Hertz’s theory will have velocity proportional to 
the 1/6 power of the pressure difference. Our velocity 
measurements on dry glass beads having uniform dia- 
meter (.007 in.) show a velocity, depending on pres- 
sure difference, to about 1/6 power (Fig. 15; our meas- 
ured slope* of 1/5.4 is within the limits of experimental 
error. Data taken from Wyllie, et al,* are also plotted 
on Fig. 15. This is a water-saturated mixture of 3-mm 
and .038-mm diameter glass spheres with a porosity 
of about 13 per cent. The slope of this line is 1/7.4. 


Velocity vs pressure difference plots of natural sand- 
stones have slopes less than 1/6.0. We have made meas- 
urements on cores from three different sandstone for- 
mations. Two of these are of Tertiary age, one from 
Sumatra and the other from Colombia. The third is of 
Pennsylvanian age from Hardeman County, Tex. 


/ *The slope of the line on the log-log plot is numerically equal to 
the exponent in the equation discussed by Brandt.? 
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The Tertiary cores from Colombia give velocity-pres- 
sure difference curves with slopes ranging in value from 
with an average slope of about 1/14 
(Fig. 16). The porosity range is from 6 to 19 per cent. 
The slope is essentially constant over the porosity range. 


The Pennsylvanian cores from Texas have slopes 
ranging in value from 1/17 to 1/26 with an average 
slope of about 1/20 (Fig. 17). The porosity range, 3 
to 21 per cent, is about the same as that of the Ter- 
tiary cores from Colombia. Again, there is no tendency 


for the slope to change with porosity. 


The Tertiary cores from Sumatra, which are a me- 
dium-grade friable sandstone having high porosity (27 
to 29 per cent), are less sensitive to pressure than 
either of the previously mentioned cores (Fig. 18). 
Furthermore, there appears to be a tendency for the 
Slope to decrease as pressure difference increases. 


Thin-section studies of the three formations revealed 
no major difference among them in either texture or 
composition. The cores from Sumatra had more point 
contacts between grains whereas the grains from the 
other formations were more intergrown. 


From the above data we can set practical limits for 
the relationship between velocity and pressure differ- 
ences. We have selected as practical limits, a maximum 
slope of about 1/10 and a minimum slope of 1/20. 
Furthermore, the maximum slope corresponds to un- 
consolidated sands and the minimum slope to older, 
more consolidated sands. Some exceptions to these lim- 
its are evident in the experimental data present in Figs. 
15 and 18, and it should be kept in mind that there 
may be other exceptions to the above conclusions. 


PRESSURE VS DEPTH 


So far we have been considering velocity vs pressure 
difference. It is not feasible to measure the pressure dif- 
ference in situ. Normal pressure difference at a given 
depth should be the weight of the overburden minus 
the weight of a column of water to the surface; an av- 
erage value of pressure difference is about .5 psi/ft of 
depth. Here again there could be deviation from av- 
erage pressure conditions. Pressure difference in high- 
porosity Tertiary sediments could be less than .5 psi/ 
tt because the density of these sediments is generally 
less than that of older rocks. 


If we approximate the velocity vs pressure differ- 
ence relationship and the pressure difference vs depth 
relationship with average conditions, we can compare 
field velocity measurements taken at different depths. 
For convenience, velocities may be normalized to a 
pressure difference of 5,000 psi or a depth of 10,000 ft. 
This gives a fairly wide range where the effect of pres- 
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sure can be neglected. The chart in Fig. 20 is designed 
to give a factor which can be used to normalize veloci- 
ties to 10,000 ft of depth. The assumptions for the con- 
struction of this graph are: (1) the average pressure 
difference increases with depth .5 psi/ft, and (2) the 
average pressure difference vs velocity is related by 
a slope of 1/10 for unconsolidated sands and a slope 
of 1/20 for consolidated sandstones. As stated pre- 
viously, these values are not firmly established but they 
are believed to be reasonable. 


It is not necessarily implied that the slope of the ve- 
locity vs pressure difference plot will remain constant 
at high pressure differences. Brandt’ points out that 
when the diameter of the contacts between the grains 
becomes an appreciable part of the grain diameter, 
Hertz’s theory no longer holds. Wyllie, et al,’ have noted 
a “terminal velocity” at about 10,000 psi pressure dif- 
ference. This would be roughly 20,000 ft of depth. 


CEMENTATION 


Consider a model composed of spheres, small in di- 
ameter compared to a wave-length. This is the same 
model used by Hughes and Kelly® to explain qualita- 
tively the effect of pressure and saturation on acoustic 
velocity in sandstone. With no pressure the spheres 
touch only at points. Such a medium would have an 
infinitesmally small area of contact between the spheres 
and should not transmit acoustic energy. If an external 
pressure is applied to the medium, the contact points 
become finite areas. The elastic properties (and ve- 
locity) will depend upon how much pressure is applied. 
The medium will have rigidity and other elastic proper- 
ties if the contact points are somehow fused or ce- 
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mented by some acoustically similar material. Such a 
medium is analogous to a sandstone. It is usually quite 
easy to transmit acoustic energy through a sandstone 
without any external pressure. We are speaking of 
the acoustic coupling between the individual grains or 
spheres as it affects the properties of the medium as a 
unit. 


An external pressure applied to a well-cemented 
sandstone that already has a finite contact area between 
grains should not increase this contact area percentage- 
wise aS much as in the case of spherical grains with 
point contacts between grains. That is, the velocity of a 
well-cemented sandstone should not be as sensitive to 
pressure as an unconsolidated or poorly cemented sand- 
stone. 


SATURATION AND WETTABILITY 


If a medium of spherical beads is saturated with a 
wettable fluid, the acoustic properties usually are 
changed quite drastically. This is particularly true at 
low pressures. Both the velocity and the ability to trans- 
mit acoustic energy are increased. 


The same model used to explain the effects of cemen- 
tation will explain the effects of saturation. A wetting 
fluid which fills the pendular ring acts to increase the 
acoustic coupling between the grains. If the contact 
areas are large, either because of cementation or be- 
cause of pressure, the increase in acoustic coupling 
with saturation is less. We are still considering the me- 
dium as an acoustic unit. 


Following this reasoning, it can be postulated that in 
water-wet media, oil saturation must be high before the 
velocity is affected appreciably by the oil saturation. 
The fluid in the open pore spaces should not affect the 
velocity as much as the fluid around the grain con- 
tacts. An oil-wet formation, however, will have oil in 
the pendular space even at relatively low percentage oil 
saturation. 


It should be pointed out that for practical purposes 
the effects of saturation will not be noticed on field logs 
except in extreme circumstances, The first and probably 
most important reason for this is invasion by drilling 
mud filtrate. If invasion depth is an appreciable number 
of wavelengths (2 or 3 ft), acoustic energy will travel 
in the water-saturated sand adjacent to the borehole. 
Indications of saturation affecting velocity will be lim- 
ited usually to the relatively small effect of residual 
saturation in the invaded zone. However, it is possible 
that the effect of oil saturation could be appreciable in 
an oil-wet sand if cementation and pressure are consid- 
ered, even though it is reduced to residual saturation. 


Apparently the decrease in velocity of 20 per cent or 
so observed in crossing an oil-water contact in the un- 
consolidated sands in Gulf of Mexico offshore wells is 
caused by oil saturation. (See Figs. 5 and 6 of Hicks 
and Berry’.) We doubt that the decreased velocity is 
caused by attenuation of the signal as suggested by 
Wyllie, et al.’ Laboratory observations indicated that 
attenuation is higher in oil-saturated sands than in 
water-saturated sands. However, these conclusions are 
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drawn from laboratory experiments in which the ge- 
ometry of the signal path differs from that existing in 
the field. The acoustic couplings of energy from the 
borehole fluid into the formation and out of the forma- 
tion into the borehole fluid are equally important in de- 
termining the amplitude of the signal to the receiver. 


It is not intended to imply that the decrease in veloc- 
ity sometimes observed opposite high porosity oil- or 
gas-saturated sands is diagnostic in itself. Rather, one 
should be aware that porosities indicated from such 
observed velocities may be too high. 


There are some experimental data, admittedly 
meager, pertaining to saturation and wettability. Fig. 
20 compares the velocity-pressure relationship for a 
core saturated with water and for the same core sat- 
urated with iso-octane. The wettability of the core was 
not determined; however, the method of cleaning nor- 
mally leaves the core neutral or slightly water-wet. A 
greater increase in velocity was noted for the iso-octane 
than for the water saturation when an appreciable 
pressure was applied to the saturating fluid but with 
the same pressure difference. Plotted in Fig. 21 are 
two curves taken from Wyllie, et al.* Both are water- 
saturated Berea sandstone cores. However, one has 
been made oil-wet. The significance of Fig. 20 and 21 
is that the difference between the upper curve and the 
lower curve decreases as pressure difference increases. 


Wyllie, et al,* also stated that “for a medium of 
Teflon spheres 50 per cent saturated with a wetting 
liquid and 50 per cent gas-saturated, the velocity ob- 
served is quite close to the velocity when 100 per cent 
liquid saturated. When the same core is 50 per cent 
gas-saturated and 50 per cent saturated with a non- 
wetting liquid, the velocity observed is less than the 
velocity dry.” This could indicate that there is little 
increase in coupling between the grains when a medium 
is partially saturated with a non-wetting fluid. The elastic 
constants of the medium are relatively unchanged, but 
the mass or density is increased. This can decrease the 
velocity of the medium depending on the relative 
changes that occur with saturation. The interested 
reader is referred to their article. Most of their data 
are for high pressure differences. kk 
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The Meaning of the Triple Value in 
Noneapillary Buckley-Leverett Theory 


W. T. CARDWELL, JR. 
MEMBER AIME 


Physically absurd, triple-valued saturations appear in 
the straight-forward solution of the Buckley-Leverett 
equations for the displacement of oil by water or gas. 
From an engineering viewpoint, the triple value causes 
no difficulty. It is well known how it may be compen- 
sated in order to obtain physically meaningful, numer- 
ical results. From a scientific viewpoint, the question 
still arises: What did the triple value mean? This paper 
explains how and why the triple value arose in non- 
capillary Buckley-Leverett theory. The discussion should 
serve as a background for the understanding and use 
of the modern method of characteristics in displace- 
ment theory. 


Displacement theory was introduced to petroleum 
technologists in 1941 by Buckley and Leverett.’ Their 
first equation, which they wrote down without deriva- 
tion, was equivalent to the following: 


Ot Ox 
where S = saturation of displacing fluid (a fraction) 
t = time 
dr = total volumetric velocity of both the dis- 
placing phase and the phase being dis- 
placed (usually, but not necessarily, as- 
sumed to be a constant) 


“> = porosity (a fraction) 

f = fraction of the total volumetric velocity that 
is the volumetric velocity of the displacing 
phase (assumed to be a function of S$ 
only) 

x = distance. 

Buckley and Leverett called Eq. 1 ‘‘a material bal- 
ance equation”. Actually it is derived from both a 
continuity equation, or material balance equation, and 
Darcy’s law. Buckley and Leverett jumped from their 
Eq. 1 immediately to their Eq. 2, which was the equiv- 
alent of the following: 


Ox qr ., 

The jump from Eq. 1 to Eq. 2 involves apparently 
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simple mathematics, but in that apparently simple 
mathematics lies a subtle point that is part of the key 
to the meaning of the triple value to be discussed here. 

Eq. 2 may be readily interpreted as saying that a 
point of constant saturation (on a saturation-vs-dis- 
tance curve) moves with a constant velocity that is 
proportional to the total volumetric rate, inversely pro- 
portional to the porosity, and is otherwise a function of 
the saturation itself. So that if one knows the derivative 
with respect to saturation of the fractional flow func- 
tion, f(S), for each saturation, one knows the velocity 
of each point of the moving saturation-vs-distance 
curve. The function f(S) can be determined experi- 
mentally and its derivative f’(S) can be calculated. It 
turns out that the experimentally derived f’(S) is not 
a monotonic function of S, but instead it has a defi- 
nite maximum and declines away at both high and low 
saturations. This in turn means, in accordance with Eq. 
2, that on a moving saturation-vs-distance curve, cer- 
tain intermediate saturations will travel faster than the 
saturations either higher or lower. The result is indi- 
cated in Fig, 1. 

In Fig. 1, the abscissas represent distances along a 
column of porous medium, which column is assumed 
to be uniform in cross-section perpendicular to the ab- 
scissal direction, The ordinates represent fractions of 
pore space occupied by the displacing phase, which may 
be either water or gas. It is assumed that the saturation 
is uniform over all planes perpendicular to the abscissal 
direction. The saturation is a function only of time and 
one space variable. Time variation of the saturation is 
represented by change in shape of a curve such as 
curve AGJ, which represents the initial saturation-vs- 


© 

A F 

if 20) 

—. 

t=O 

cot G 

J 

Ww 


X ,_ DISTANCE (ARBITRARY UNITS) 


Fic. 1—Saruration Hisrory Durinc a4 Warer (AFTER 
BUCKLEY AND LeveReETT, 1941). 


271 


| 
| 


distance relationship. The source of additional displacing 
phase is assumed to be to the left of the part of the 
porous medium represented in the figure. The encroach- 
ment of the displacing phase causes oil to move toward 
the right so that the displacing phase saturation in- 
creases and the oil saturation decreases—first at the left 
of Fig. 1, and later at the right. 

In Fig. 1 the initial curve, by assumption, is smooth 
and reasonable from a physical point of view. However, 
the curve representing the later saturation distribution 
is well behaved only in the portions AB and HJ. Be- 
tween these two portions, the curve as calculated from 
the equations of Buckley-Leverett theory has a portion, 
BCDEFGH, that kinks back upon itself so that through- 
out a certain range of distances there are three calcu- 
lated values of saturation for each distance. This phys- 
ical absurdity was corrected by Buckley and Leverett 
by drawing a particular vertical line, such as the line 
CEG, from the upper branch of the curve to the lower 
branch and by saying that the proper result was line 
ABCEGHYJ. Buckley and Leverett stated, “The correct 
interpretation is that a portion of the curve is imaginary 
and that the real saturation-distance curve is discon- 
tinuous .... the position of the discontinuity ....is de- 
termined by a material balance....”. The material bal- 
ance mentioned by Buckley and Leverett was such that 
the area enclosed by the loop CDEC was equal to the 
area enclosed by the loop EFGE. 


Most of those petroleum engineers and petroleum 
technologists who have used Buckley-Leverett theory 
have used it in the particular form presented by Welge 
in 1951.’ Welge’s form of the theory avoids the ap- 
pearance of the triple value by modifying some of the 
data that go into the displacement calculation. The 
modification amounts to correction before the triple 
value appears rather than after it appears. Physically, 
the Welge correction is equivalent to the use of certain 
fictitious values of relative permeability over a certain 
range of water saturations instead of the use of actually 
measured values. Questions naturally arise. What is the 
meaning of this neglect of certain details of actually 
measured relative permeability curves? Why should the 
neglect of actually measured quantities produce a more 
realistic calculation than does taking them into ac- 
count? 


The fact that fictitious functions inserted in Buckley- 
Leverett calculations gave physically reasonable results 
whereas actual experimentally derived functions gave 
physically unreasonable results could have been inter- 
preted in at least two ways. (1) There might have been 
something wrong with the theory. (2) There might have 
been something wrong with the experiments. That is, 
the experimental relative permeability results might not 
have meant what they were purported to mean. The 
literature does not indicate that anyone worried over 
this possible physical deficiency, in the face of the fact 
that there are plenty of papers on the disparities be- 
tween relative permeability results obtained by different 
experimental methods. 


From a physical point of view, most users of Buck- 
ley-Leverett theory have evidently been contented with 
the view originally expressed by Buckley and Leverett 
that the triple value would never have arisen had they 
been able to take capillarity into account. That belief 
may have been correct, although to the knowledge of 
the present author, the literature still does not contain 
a rigorous proof that the equations of capillary Buck- 
ley-Leverett theory have only single-valued solutions. 
And even if it is so, there is still an interesting mathe- 
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matical difference between the question of what might 
have prevented the triple value, and the question of 
what did cause it. 

Aside from the question of whether accounting for 
capillarity would eliminate triple values, there is a phys- 
ical question of whether it should be necessary to take 
capillarity into account in calculations pertaining to 
large scale reservoirs. A strong basis for this question 
was laid in the work of Rapoport and Leas,’ and Welge 
had previously presented an excellent short discussion 
of the point.’ 

Rapoport and Leas indicated, both theoretically and 
experimentally, that for large enough systems, capillary 
effects become relatively unimportant in calculations of 
saturation distribution history. They showed theoreti- 
cally, by what amounted to a dimensional analysis of 
the differential equations of displacement, that the capil- 
lary terms of the relevant equations become small com- 
pared to the other terms under conditions correspond- 
ing to large scale practical applications. 

Rapoport and Leas considered their discussion to 
“demonstrate that most of the practical applications re- 
quire only the use of the simplified equation originally 
established by Buckley and Leverett’.’ 

The above considerations indicate that the impor- 
tance has not diminished of trying to understand the 
fundamentals of the original, noncapillary form of 
Buckley-Leverett theory. 


THE METHOD OF CHARACTERISTICS 


In recent years, the so-called method of characteris- 
tics has become popular among applied mathematicians 
for solving equations similar to those with which we 
are concerned here. A paper appearing in this volume’ 
explains the application of the method to noncapillary 
Buckley-Leverett theory, extending the use to problems 
in gravity segregation. When one uses the method of 
characteristics as explained in the cited reference, no 
fictitious modifications of experimentally derived data 
are necessary in order to avoid the appearance of the 
triple value. The numerical answer obtained is the same 
as that obtained in the original post-corrected Buckley- 
Leverett method, or the pre-corrected Welge method. 

It is important to realize, however, when one uses 
the method of characteristics on the Buckley-Leverett 
problem, that the non-appearance of the triple value is 
not due to the use of the method of characteristics per 
se, but is due to simultaneous use of the concept of 
shock formation. To see clearly that this must be so, 
one need only consider a hypothetical problem to which 
Eqs. 1 and 2 would apply, and to which the method 
of characteristics would apply, but to which the triple- 
valued answer would be the correct one. Such a prob- 
lem, in petroleum technological terms, would be the fol- 
lowing one. 


Let it be desired to find the spatial profile of a flood, 
in which the displacement itself is assumed to be piston- 
like, 100 per cent displacement, but the flood front 
position is controlled by vertical variation of the hori- 
zontal permeability. For simplicity assume no vertical 
permeability or assume infinitely thin, impermeable beds 
between many thin permeable beds of interest. With a 
few more obvious assumptions one may obtain an 
equation for the progress of various points on the 
flood front that is of the same form as Eq. 2 except 
that the quantity S now represents height and the 
function f’(S) now represents the variation of the 
horizontal permeability with respect to height. In this 
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case, it is obvious that if the permeability variation is 
non-monotonic, the spatial profile, § = S(x,t), may 
become triple-valued or much more multiple-valued, 
depending on the number of local permeability maxima 
there are in the permeability profile. 

For this example it is evident, without the necessity 
of extending the discussion, that Eq. 1 would be the 
fundamental partial differential equation of the flood 
profile. 

The point to be made here is that Eq. 1 is not an 
equation unique to Buckley-Leverett theory. In its 
more general form, obtained by combining the con- 
stants and the assumed functidn of S into one quan- 
tity, F(S), it is 


oS ch) 


the simplest, quasi-linear, partial differential equation 
of the first order. One might suspect that it would 
find use in many other simplified problems. This is 
indeed so, and the best understanding of the behavior 
of the solutions of Eq. 1 can perhaps be obtained by 
considering certain kinds of wave problems. 


DISPLACEMENT AND WAVES 


Over 100 years ago the great English mathematician, 
G. G. Stokes, dealt with the triple-value difficulty 
which had arisen during an investigation of the theory 
of sound waves.’ The usual mathematical treatment 
of sound wave propagation, which is quite satisfactory 
for nearly all acoustic problems even today, shows all 
parts of a sound wave traveling with the same velocity. 
Indeed, the velocity of sound is a well recognized “con- 
stant” of a sound transmitting medium, usually thought 
to vary only with the state of the medium, which state 
may in turn depend on temperature and the total 
average pressure. However, rigorous analysis shows 
that when sound waves are of finite size, the high 
amplitude parts of the waves travel faster than the low 
amplitude parts. As a consequence the high amplitude 
parts tend to catch up with the low amplitude parts, 
and the waves therefore steepen on the front side and 
flatten on the back side. In fact they tend to become 
infinitely steep on the front side, and according to the 
relevant differential equations which are similar to Eqs. 
1 to 3 of this paper, the high parts of the sound waves 
overtake the low parts and the amplitudes assume 
triple values just like the triple value of Fig. 1. But if 
by amplitude we mean, say, the value of the excess 
pressure over the total average pressure, it is physically 
absurd for the pressure to have three simultaneous 
values at the same place. 

Stokes, of course, recognized this. His rationalizing 
assumption was not unlike the rationalizing assumption 
of Buckley and Leverett that was quoted in the first 
of this paper. Stokes said: “Perhaps the most natural 
supposition to make for trial is that a surface of dis- 
continuity is formed, in passing across which there is 
an abrupt change of density and velocity”’.” 

We shall return to this assumption of Stokes. How- 
ever, first it is pertinent to consider another wave 
phenomenon that is familiar to almost everyone and in 
which a triple value does have physical meaning. The 
theory of ocean waves and breakers near a sloping 
beach has been extensively investigated.” The equations 
for those waves are similar to Eqs. 1 through 3, with S 
representing the wave height. The quantity analogous to 
f’/(S) increases as S increases so that the high parts of 
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the wave travel faster than the low parts. As a conse- 
quence, the rear part of a wave flattens and the front 
part steepens. Eventually the high part actually over- 
takes the low part, and most of us have seen in the 
formation of a breaker the temporary existence of the 
triple-valued height in the humped-over wave. 

In the ocean wave case, it happens that the triple 
value has a temporary physical significance, but it is 
only temporary. The wave breaks. When it breaks, the 
wave is no longer describable by the differential equa- 
tions that described it up to the break. 

Returning now to displacement theory, we can say 
that displacement theory is a kind of wave theory in 
which the front of the advancing wave steepens be- 
cause the high parts travel faster than the low parts. 
It so happens that in the displacement problem we 
have not often been concerned with both steepening 
fronts and flattening backs, but we shall encounter 
such problems when we deal with slugs of displacing 
fluids, and the moving slug shapes will be more remind- 
ful of ocean waves. 

As a matter of fact, the hydraulic analog of our 
usual displacement case exists in the so-called “bore” 
which comes down certain rivers from natural causes 
or comes down river canyons when dams break. The 
bore is a steep fronted wave with a practically level 
rear—the so-called wall of water. 


THE CONCEPT OF SHOCK FORMATION IN 
DISPLACEMENT THEORY 


We have noted that to avoid a triple value in a 
situation in which it has no physical meaning, Stokes 
made the rationalizing mathematical assumption that a 
surface of discontinuity was formed. In the cited mod- 
ern reference by Sheldon, et al,’ we “assume that a 
discontinuity in S(x) develops at a point where the 
characteristics first intersect . . . .”. However, a dis- 
continuous mathematical function is an abstraction 
that must necessarily jar our physical intuitions when it 
is first introduced. The abstraction is less jarring to 
those who are schooled in shock-wave theory because 
the assumption is more than a century old in their 
field and they now have considerable literature to 
comfort them on the subject of what really happens 
at the shock front. 


For petroleum technologists it may not be wasteful 
to spend a few words and equations on the basic physics 
and mathematics underlying the discontinuity assump- 
tion as it applies to flow through porous media, 


We shall first consider why a displacement front 
steepens. Consider a small cross-sectional region of the 
porous medium through which both of the phases are 
flowing from left to right, and through which the dis- 
placing fluid saturation decreases from left to right. 
The fluid flowing into the region at the left has a cer- 
tain composition measured by the fractional flow func- 
tion, which we know empirically to be a function of 
the saturation. We know also that where the displac- 
ing fluid saturation is less, the fractional flow function 
is smaller. So if the saturation decreases from left to 
right, the fluid flowing in at the left must contain a 
greater fraction of displacing fluid than the fluid flow- 
ing out at the right. Therefore, the saturation of dis- 
placing fluid must be increasing with time in that 
region. 

Now, consider two such small cross-sectional regions 
immediately next to each other—call them the left- 
ward region and the rightward region. Through both 
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regions let the saturation decrease from left to right 
so that in both regions the saturation will be increasing 
with time. Now, however, let the fractional flow func- 
tion have a faster variation in the leftward region than 
in the rightward region. Then, although the saturation 
will be increasing with time in both regions, it will be 
increasing faster in the leftward region than in the 
rightward region. This will, of course, tilt the right- 
ward traveling saturation wave up in the rear and 
down in the front. 

If we look at Eq. 2 and forget the physics of the 
process, we may be led to think that the steepening 
process has no limit. If there are two neighboring 
points on the moving saturation curve, say points A 
and B (A being above B) and if f’(S) increases with 
S in the region of A and B, Eq. 2 says that A will over- 
take and pass B and that part of the saturation front 
will be overturned. However, this is in error. When 
the saturation gradient tends toward infinity, Eq. 2 
tends to become invalid as applied to the displacement 
process. We can see this by deriving Eq. 2 from Eq. 1: 
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Now it is evident that in order for Eq. 2 to remain 
valid through the region in which the saturation gradi- 
ent approaches infinity, the two sides of Eq. 1 must 
remain equal, and they must both approach infinity. 
But the physical quantities represented by Eq. 1 simply 
cannot approach infinity. If nothing else, the granularity 
of a porous medium imposes a restriction on the con- 
ceivable saturation gradient. Without going into exten- 
sive, detailed arguments, it is intuitively evident that 
the maximum conceivable saturation gradient must be 
of the order of the reciprocal of the grain size. There 
could hardly be a spatial change in saturation faster 
than a change of unity in a distance of the order of 
the grain size. 

Long before a gradient of the order of the reciprocal 
of the grain size was reached, the entire physical 
situation would cease to be representable by continuous 
mathematics of the differential equation sort involved 
in Eqs. 1 and 2. 

Not only is the triple-valued saturation absurd, but 
the condition that would have to precede the triple 
value—the moving, infinite saturation gradient—is ab- 
surd. 

Let us go now to the so-called “concept of shock 
formation”. We know that whatever “shock” is formed 
during displacement in a porous medium must really 
be a finite region of rapid saturation transition, and 
that its thickness must be at least of the order of many 
grain or pore diameters. Of course, it would be inter- 
esting to investigate theoretically and experimentally 
the question of how abrupt the transition could really 
be, but for present purposes, it is interesting enough 
to use just the knowledge that it must be of finite 
thickness and to deduce a more rigorous noncapillary 
displacement theory. 


NONCAPILLARY DISPLACEMENT THEORY 
WITH A FINITE REGION 
OF SATURATION TRANSITION 


Consider Fig. 2 which represents part of a one- 
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dimensional column of porous medium, as did Fig. 1. 
In Fig. 2 part of a saturation-vs-distance curve is 
shown at the time and place at which it is approaching 
verticality. We can easily show that the first place on 
the curve to approach verticality corresponds to a sat- 
uration such that 


where x,(S) is the initial distance-vs-saturation func- 
tion. We enclose this particular saturation on the curve 
by two planes, a distance « apart. The distance « is 
merely a small fixed distance. The physical situation 
we are trying to represent requires that « must be at 
least of the order of several grain or pore diameters. 
Otherwise « is not further specified, and it results that 
useful equations may be obtained without further 
specification. 

If « is a fixed distance, as we are assuming, both 
of the bounding planes must be moving with the same 
velocity, which we shall call V. Let v. be the volumetric 
velocity of the displacing fluid into the e region at the 
left and v, be the corresponding outward velocity at 
the right. Consider the accumulation of displacing fluid 
in the moving region between the planes. The volume 
of displacing per unit time and per unit cross-sectional 
area that enters the moving region is 

where S, is the saturation at the left of the e region. 
The corresponding rate at which displacing fluid leaves 
the region is 

So, if S is the average saturation within the « region, 
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If it is assumed, as in simple Buckley-Leverett theory, 
that the velocities are functions of saturation, 


v2 = Qrf(S2) 
and 
then, 
(geS) = qr [f(S:) — f(S:)] — — S,) 
or 


(9) 


Eq. 9 may be thought of as a differential equation as 


S,WATER SATURATION 
(FRACTION OF PORE SPACE) 


X,DISTANCE (ARBITRARY UNITS) 
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far as the variation of S with f¢ is concerned, but it is 
a difference equation as far as the variation of S with 
xX is concerned. The function f(S) and the saturation 
S are not necessarily assumed to be differentiable inside 
the « region. Eq. 9 may be thought of as a parent 
equation of the equations of the original Buckley- 
Leverett theory in the sense that those equations can 
be readily derived from Eq. 9, but not vice-versa. If 
we assume that f(S) and S are continuous and differen- 
tiable and let the thickness ¢ go to zero, we obtain 
for a stationary position. 

OS of 

ot Ox 
Under the same assumptions, we obtain for the velocity 
of a point of constant saturation 
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However, we need not assume anything about the 
behavior inside the « region. We choose « large enough 
so that the functions outside the « region are continuous 
and differentiable (or so that the Buckley-Leverett 
differential equations are satisfied to the left and right 
of it). 

It is interesting to note that Eq. 9 need not even be 
thought to apply just to noncapillary displacement. 
We could assume that inside the e region, where the 
saturation gradient is very large, the flow mechanism is 
dominated by capillary forces. In fact, various mani- 
testations of capillarity could be assumed. The usual 
assumption is a capillary pressure. Another possible 
assumption would be an upper limit to the saturation 
gradient dependent upon the configuration of the capil- 
lary spaces. The essential point is that Eq. 9 and the 
concept of the e region are applicable to a variety of 
physical situations. 

The most useful equation directly derivable from 
Eq. 9 is an equation for the velocity of the e region, 
which equation can be derived from either or both of 
two assumptions. We can assume either that « tends 
toward zero or that the time rate of change of satura- 
tion is zero inside the « region. Under either assump- 
tion, if the product of e« and the rate of saturation 
change in the « region is negligible, Eq. 9 becomes 

This is the equation found, for instance, in the cited 
reference by Sheldon, et al,” for the velocity of “a 
discontinuity in S(x)”. The mathematical abstraction 
of the limiting case when « is allowed to approach 
zero is a discontinuity at which both f(S) and S make 
finite jumps over an infinitesimal distance. But it makes 
good physical sense to view Eq. 10 as a limiting form 
of Eq. 9 for a transition region of thickness ¢, the 
quantity « being finite but negligible. 

Eq. 10 has an interesting physical interpretation. 
We observe that 


(1) 


St 
so that 

V= — S 

70S) 


This shows that the « region actually moves forward 
with the average of all the velocities that the inter- 
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mediate saturations from S, to §; would have given it 
according to the differential Eq. 2. It can be shown 
likewise that the position of the « region, or the posi- 
tion of a “shock”, must be the average of all the posi- 
tions that the points on the saturation curve between 
S, and S, would have had. This is, of course, equivalent 
to a statement of validity of the original correction 
method of Buckley and Leverett. 

An analytic theory may be formulated for the propa- 
gation of the « region, or shock. The equations permit 
exact solutions to be obtained for the position of the 
shock at any time. They are not as convenient to use 
for numerical computations as the method of char- 
acteristics,” but they are of interest for theoretical inves- 
tigations and, therefore, they are briefly presented here. 

We start with a given initial x position for all sat- 
urations, and with the given function f’(S). 

Up to the time when the shock tends to form, all points 
of the saturation curve are calculable from the con- 
tinuous expression, 


The shock tends to form at the saturation for which 
x’,(S) 


The crucial time, t., at which the shock forms is pro- 
portional to this minimum value: 


da min. 


After the crucial time, the position of the shock may be 
calculated exactly by finding pairs of values S, and S: 
that satisfy the equation 


where 


(15) 


(16) 
— 


x, (S) 
Si 


— 


X,(S,S>) —— 


and 
Se 
(GS) 
Si 

In finding the paired values, Eq. 16 may be used as 
an equation in one unknown to find, say S., after an 
arbitrary value of S, is inserted. The paired values S, 
and §, determine the upper and lower ends of the 
shock. Times corresponding to the existence of par- 
ticular pairs (S,,S.) are given by the equation 


= 


(17) 


Finally, the shock position satisfies either of the equa- 
tions. 

dv 


or 


x(shock) = x,(S,) + TARA 


In displacement problems with boundary conditions 


| | 


simulating real situations S, sometimes decreases rapidly 
toward zero or some other lower limit. 

The equations given above comprise a complete, 
exact solution for the distance-vs-time behavior of a 
displacement « region, or shock. The two functions on 
the right and left sides, respectively, of Eq. 16 can be 
considered to represent two surfaces in a three-dimen- 
sional space with coordinates, S,, S, and t. Each side 
represents a time. The line of intersection of the two 
surfaces represents the path of the shock in the S,, S:, 
t-space. 

The above equations are for the propagation of a 
shock, or an e region of negligible thickness. Similar 
but slightly more complicated equations may be written 
for a finite « region of any arbitrary size. The theory 
can be made as realistic as the available data justify. 


SUMMARY 


There are many possible ways to summarize the 
results of this investigation of the meaning of the triple 
value in Buckley-Leverett theory. A simple and per- 
haps too harsh way to summarize it would be to say 
that the triple value arose because the mathematical 
physics was incorrect. But it is certainly not too harsh 
to say that the mathematical physics was not rigorous 
or complete. The equations of Buckley-Leverett theory 
lost both their mathematical meaning and their physical 
representativeness when the saturation gradient tended 
to approach infinity, and this happened before the triple 
value appeared. 

There are other physical problems in which the 
passage of certain quantities through infinity can be 
tolerated, because the mathematics is still meaningful 
on the other side of the infinity crossing. But in the 
Buckley-Leverett displacement problem, the approach 
toward the infinity crossing was accompanied by the 
breakdown of some of the physical assumptions. 

It is possible to build an analytic theory that com- 
prehends a thin, moving region of high saturation 
gradient in which the exact flow behavior does not 
need to be known. In that theory no triple value 
appears, and better yet, no infinite saturation gradient 
need appear. Although the equations of the analytic 
theory are not as convenient for numerical computa- 
tions as is the method of characteristics,’ the knowledge 
of their existence should aid in understanding the 
mathematical and physical basis of the shock concept 
as it applies to displacement theory. 

It is hoped that the concepts presented here will 
promote understanding and intelligent use of the 
method of characteristics in displacement theory. 
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NOMENCLATURE 
S = saturation of displacing fluid (a fraction) 
t = time 
dr = total volumetric velocity of both the dis- 
placing phase and the phase being 


displaced (usually, but not necessarily, 
assumed to be constant) 


& = porosity (a fraction) 


f = fraction of the total volumetric velocity 
that is the volumetric velocity of the 
displacing phase. (assumed to be a 
function of S only) 


x = distance 
¢ = a small fixed distance 
V = velocity of the e region 


v = velocity of the displacing fluid 
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For many years the problem of increasing ultimate 
recovery of oil from a reservoir has been a subject of 
interest to the oil industry. At present, a standard sec- 
ondary recovery technique is to flood the reservoir with 
water once natural forces of the system are depleted. 
The permeability characteristics of the rock, together 
with interfacial forces which exist between the two 
fluids and the porous material, allow only part of the 
oil in the rock formation to be recovered by the water- 
flooding process. Laboratory experiments have shown 
that when detergents are added to the flooding water, 
the flow properties of oil in a porous rock are im- 
proved. This improvement results in greater oil recov- 
ery. Even though higher recoveries are obtained using 
detergents, the extra cost associated with the method 
may make it economically unsatisfactory. To establish 
economic feasibility requires experimental laboratory 
measurement of fluid and rock properties together with 
a calculational procedure to predict field results. Pilot 
tests in the field may also be required. 


This paper presents a mathematical procedure for 
predicting detergent flood behavior. A number of rea- 
sonable simplifying assumptions are made to obtain a 
tractable system of equations. The resulting method 
may be regarded as a generalization of Buckley-Lev- 
erett' theory to solve simultaneously for water satura- 
tion and detergent concentration profiles. Consequently 
this type of calculation can be used in much the same 
manner as Buckley-Leverett theory is used to evaluate 
a water flood. 


The mathematical method employed is the so-called 
method of characteristics for solving hyperbolic partial 
differential equations. This application of the method is 
instructive because several other problems in reservoir 
analysis may be analyzed in a similar manner. 


The flow behavior of oil and water without deter- 
gent through porous reservoir rock is usually expressed 
by Darcy’s law and a continuity equation for each 
phase. If gravitational forces are neglected, 
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where v is the volumetric flux, k represents permeabil- 
ity, S is saturation, and P the pressure. Fluid viscosity 
is denoted by yu, p is the density, ¢ is porosity, and t 
the time. The subscripts w and o refer to water and oil. 
The capillary forces in the system lead to a difference 
in pressure between phases. This may be expressed by 
the relation: 


The capillary pressure, P,, is determined experimen- 
tally as a function of saturation. 


DETERGENT BALANCE EQUATION 


Addition of detergent to the water phase affects the 
flow properties of the system. Capillary pressure and 
relative permeability become functions of detergent 
concentration, c, as well as fluid saturation, That is: 

P =P (S,c) and (Save 

At low oil saturation values, the presence of detergent 
reduces capillary pressure and reduces the relative per- 
meability ratio. Detergents are surface-active and adsorb 
on rock surfaces. The quantity adsorbed, a, will depend 
on the concentration c of detergent solution and may 
also depend on the saturation; thus, a = a(S,c). In this 
analysis we have assumed that the detergents used are 
water soluble but not oil soluble, and their movement 
is therefore restricted to the water phase. The disper- 
sion of detergent in water is neglected by comparison 
with transfer by flow within the system. 


Detergent movement is determined by the water flux 
and adsorption: 


We will assume that the quantity of detergent in solu- 
tion is too small to significantly change water density 
or viscosity. When the permeability and capillary pres- 
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sure dependence on detergent concentration are in- 
cluded in Eqs. 1, 2, and 5, Eqs. 1 through 6 define the 
detergent problem. The dependent variables c, S, vo, Vi, 
P, and P,, are functions of the independent variables 
space and time. The functions k,(c,S), is eye) IO. 
(c,S) and a(c,S) are determined experimentally. 

In solving Eqs. 1 through 6, simplifying assumptions 
similar to those used in Buckley-Leverett theory are 
employed. These include a one-dimensional geometry, 
incompressible fluids, capillary pressure constant, and 
total volumetric flow rate, v, constant. Under these as- 
sumptions Buckley-Leverett theory gives the result: 


OS) 
dS 0x ot 


whose solution can be obtained from the frontal ad- 
vance equation describing the path of a point of con- 
stant saturation: 


dt J. @ ds 
in which f,, is the fractional flow given by: 
(9) 
Ream 


Because detergent contacts only regions with high 
water saturation, we can justify the additional assump- 
tion that detergent adsorption, a, is independent of 
saturation. The equations for detergent-flood now be- 
come: 


OS Ch) Ge 
aos Ox 2 ot Ge 
oc da Oc 


Eq. 10 is equivalent to Eq. 7, but takes into account 
the dependence of f,, on concentration. Eq. 11 deter- 
mines detergent movement. To solve Eqs. 10 and 11 
requires some mathematical insight into the nature of a 
Buckley-Leverett solution. This insight is provided by 
a knowledge of the method of characteristics as ap- 
plied to the solution of a system of hyperbolic partial 
differential equations.”*’" If we apply the terminology 
of the method of characteristics to the equations de- 
scribing an ordinary water flood, Eq. 8 is the character- 
istic condition for Eq. 7, while the fact that saturation 
must be constant when Eq. 8 holds is termed the char- 
acteristic relation. For a detergent flood, characteristic 
conditions corresponding to Eqs. 10 and 11 become: 


dx 
=> —— — 2 


0c 


The characteristic condition for saturation is un- 
Of» 
os 


centration and saturation. The corresponding character- 
istic relations are: 


changed, although is now a function of both con- 


14 
dc 


1S 
Eq. 14 reduces to - = 0, (S constant), when c 
is constant, which is in agreement with the Buckley- 
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Leverett result. The above equations are derived in the 
Appendix. Scheidegger’ has discussed Buckley-Leverett 
theory in terms of the method of characteristics, and 
another application of the method to an engineering 
problem has been given by Acrivos.” 


The ordinary differential equations expressed by Eqs. 
12 through 15 may be solved by graphical methods 
to be described later with an example problem. In the 
graphical method an x-t plot is made for which two 
families of curves are constructed which we call the 
c and S§ characteristics. The slopes of these curves are 
obtained from Eqs. 12 and 13, while the values of c 
and S§ along the characteristics are obtained by inte- 
grating Eqs. 14 and 15. Cross plots can readily be made 
from the x-t diagram to give profiles of saturation and 
concentration. 


THE FORMATION OF SHOCKS 


For a solution to have physical significance, the 
variables c and S must be real, single-valued functions 
of x for any ¢. Yet with no assumptions about the 
meaning when characteristics intersect, a characteristic 
diagram based on Eqs. 12 through 15 may imply 
multiple-valued solutions. This difficulty appears in the 
Buckley-Leverett* solution to waterflood problems, in 
which a front position has to be determined from ma- 
terial balance considerations. 


The true physical interpretation of the intersection of 
characteristics lies in the formation of shocks. The an- 
alysis of shock behavior is common in aerodynamic 
problems where shock paths are mapped in character- 
istic diagrams.** The characteristics coalesce to form a 
shock path, which is mapped from the first point of in- 
tersection of characteristics. The extreme values of 
variable associated with the intersecting characteris- 
tics define the strength, or amplitude of the shock. Both 
shock velocity and strength will change continuously as 
more characteristics join the shock path. In this prob- 
lem a shock in saturation, concentration or both simul- 
taneously can occur. 


The relations used for determining shock conditions 
are usually referred to as the Rankine-Hugoniot equa- 
tions.”* For flow in a porous medium, the shock ve- 
locity is derived from material balance considerations. 
The material balance condition for a shock in satura- 
tion gives: 


where € is the shock position. The subscripts + and — 
refer to values ahead of, and behind the shock, respec- 
tively. When a concentration shock occurs: 


Both Eqs. 16 and 17 are required when saturation and 
concentration shocks occur simultaneously. When the 
concentration ahead of the shock is zero, Eq. 17 re- 
duces to the simple form: 


aé, 
at) 


Eq. 18 implies that when c, = 0, the velocity of the 
detergent shock is independent of S,. 


(18) 
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RELATIVE PERMEABILITY WITH 
DETERGENTS 


The mechanism by which a detergent improves the 
displacement efficiency of water is not properly under- 
stood. Experiments show that as detergent solution con- 
tacts oil-saturated rock, oil is in some manner trans- 
ported to the region ahead of any detergent. It is diffi- 
cult to make steady-state permeability measurements 
because detergent advance tends to be frontal, and satu- 
rations change rapidly in this frontal region. Neverthe- 
less, permeability data are required to solve a practical 
problem. In the present work, this dilemna was avoided 
by substituting where necessary the known lower limit 
for oil permeability; that is, the permeability that al- 
lows oil to move as fast as the detergent which re- 
covers it. Thus the fractional flow in the presence of 
detergent can be determined from 


Ve = &(S, — Sor) 


dx 
where (4) is an experimentally determined deter- 
c 


gent velocity. A dependence of relative permeability 
on saturation and detergent concentration can be de- 
duced by use of the fractional flow formula. If possible, 
it would be preferred to use properly determined rel- 
ative permeability functions. 


EXAMPLE APPLICATION OF THE 
CHARACTERISTIC METHOD 


The behavior of the k,(S,c) function obtained by ap- 
plying Eq. 19 is shown in Fig. 1. Fig. 2 illustrates a(c) 
and S>,(c). The quantity S,, represents residual oil sat- 
uration after flooding with detergent of concentration c. 
From these data, the F and G functions defined in Eqs. 
12 and 13 may be obtained. Their form is shown in 
Figs. 3 and 4. 


In practice, water and detergent are injected as a 
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Fic. 3 — CHARACTERISTIC F-FUNCTION FOR 
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Fic. 4—-CHARACTERISTIC G-FUNCTION FOR 
EXAMPLE CALCULATIONS. 


step function at the x = 0 boundary. However, more 
information about the behavior of the solutions can be 
gained from use of distributions in both § and c as 
initial conditions. Thus, we first assume initial linear 
penetration of both water saturation and detergent con- 
centration into a small portion of the reservoir. From a 
study of this case, the solution to the more realistic 
step function input is readily developed. The method 
implicitly assumes the boundary conditions § = con- 
stant, c = constant at the input boundary. It can be 
shown that these conditions are adequate to set the 
problem. 


In constructing the chtracteristic (x, t) diagram ini- 
tial values for § and c that correspond to the selected 
initial distributions are assigned along the t = 0 boun- 
dary. The slopes of the S and c characteristics are then 
calculated from Figs. 3 and 4 (Eqs. 12 and 13). We 
assume that the characteristic curves will approximate 
straight lines with the initial slope for a short time per- 
iod, At. Eq. 15 states that c is constant along the c 
characteristics, thus the c distribution at t = At is de- 
termined by the locations of the c characteristics at that 
time. Eq. 14 gives the change in S value along the S 
characteristic as 


VY Of, OC 


We can calculate values of S§ at t = At on the S char- 


E istics SI an average value for 
acteristics by using a g Rea 


along the S characteristic, as determined from the c 
distributions at ¢ = 0 and t = At. A new set of charac- 
teristic slopes are obtained from the S and c distribu- 
tions at t = At, and the characteristic diagram is ex- 
tended for a second time step. Accuracy can be im- 
proved by repeating each time step calculation using 
the average between initial and final S values to calcu- 
late characteristic slopes. 


For a region in which c = 0, the behavior of the 
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S characteristics is shown in Fig. 5. S is constant along 
a saturation characteristic in this case and the charac- 
teristic curves are consequently straight lines. The fig- 
ure illustrates the formation of the Buckley-Leverett 
shock front, which moves into characteristics of zero 
slope representing interstitial water. A shock in satura- 
tion or concentration will occur whenever S character- 
istics intersect or c characteristics intersect. The strength 
of the shock is given by the extreme values of the de- 
pendent variable associated with the characteristics con- 
tributing to the shock. These values are used to cal- 
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Fic. 6a—Warer SATURATION AND CONCENTRATION 
PROFILE at TIME 


280 


culate the shock velocity (slope in the x-t diagram) by 
employing the appropriate Rankine-Hugoniot relation 
given by one of the Eqs. 16, 17 or 18. The shock 
strength and velocity must be modified whenever a 
characteristic intersects the shock path. In the Buck- 
ley-Leverett case, the shock rapidly builds up in strength 
to the Buckley-Leverett cut-off saturation, after which 
no more intersections with characteristics occur. From 
this point on, the stock strength and velocity remain 
constant. 


Four stages of the development of the characteristics 
for the example problem are shown in Figs. 6 through 
9. The corresponding § and c profiles are also shown. 
In Stage 1, Fig. 6, the lower values of S (those far 
from x = 0) move in a region of zero c. These meet 
to form the normal Buckley-Leverett shock front. The 
position and shape of this front are identical to those 
obtained in a normal waterflood calculation with the 
same initial distribution. In the region where c is chang- 
ing, the gradient in c is such that saturation decreases 
along each S characteristic. Thus, detergent-recovered 
oil appears as increased oil saturation just ahead of 
the injected detergent bank. The movement of extra oil 
ahead is balanced by increased water saturation within 
the detergent-contacted region. The early co-linear 
movement of S and c characteristics followed by an 
abrupt change in slope of the S characteristic is a con- 
sequence of the assumption made in deriving the F 
and G functions. In particular, the discontinuity in 
slope results from the similar change in F as shown in 
Fig. 3. If proper relative permeability functions were 
used, a more general smooth and distinct behavior is 
probable. 


In the second stage, Fig. 7, both c and high S value 
characteristics are moving together. At each S-c inter- 
section, the slopes are modified. In this particular prob- 
lem, the characteristics meet to form a near simul- 
taneous shock in S$ and c. The detergent shock has a 
strength equal to the detergent injection concentra- 
tion, and its velocity is given by Eq. 18. 


The third stage is shown in Fig. 8. The simultaneous 
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S and c shocks developed in Stage 2 continue to ad- 
vance together. The saturation, S_, behind the shock is 
fixed at the residual oil saturation. To preserve material 
balance for water requires a specific value for S, ahead 
of the shock. The result is a saturation plateau that 
grows from the detergent shock toward the Buckley- 
Leverett shock. In the present example, the plateau 
is preceded by a small subsidiary shock which moves 
more slowly than the Buckley-Leverett shock. With 
suitable choice of permeability and adsorption func- 
tions, the subsidiary shock could move faster than the 
Buckley-Leverett front. 


The final stage, Fig. 9, follows an abrupt end to 
detergent injection. Water injection is continued behind 
the detergent slug. The negative characteristics diverg- 
ing from t = ts, x = 0, determine the motion of con- 
centrations at the trailing end of the slug. These charac- 
teristics indicate the spread of the trailing edge with 
time until eventually an effect is felt at the detergent 
shock and its strength is reduced. Both S and c charac- 
teristics are modified by these changes. The velocity of 
a saturation characteristic may decline below that of 
the concentration shock, in which case this saturation 
is overtaken by a region of concentration gradient. By 
Eq. 14, the saturation along the characteristic must in- 
crease. Thus, quite rapidly the characteristic becomes 
one of zero slope, corresponding to residual oil satura- 
tion in the system. 


The nature of the solution to the step function in- 
put problem is now readily determined by examining 
the behavior of the solution as the initial linear pene- 
tration is brought successively nearer zero. The Buck- 
ley-Leverett saturation shock and the detergent shock 
are both formed instantaneously. The subsidiary satura- 
tion shock becomes one of zero strength, merging into 
the plateau. Its position in the system can be identified 
as a discontinuity in the slope of the saturation profile. 
This is shown in Fig 10. Later stages for this case fol- 
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low the same pattern described above for an initial 
linear penetration. 
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APPENDIX 


The problem is defined by Eqs. 1 through 6. We first 
simplify these by considering a one-dimensional case in 
which total volumetric flow v is constant. With incom- 
pressible fluids, total volumetric flow rate will equal the 
injection rate: 


The equations reduce to: 


fit, “oli 
bo Ox As Cle 
ov as 
Ox ot 
Ox ot 
Combining Eqs. 24 and 25a gives: 
0c da \ 0c da OS 
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In solving Eqs. 22 through 25 by the method of 
characteristics, we obtain for the strip conditions: 


AV», 
Ox ot 
oP 
Ox ol 
aS 
OC Oc 


The condition that Eqs. 22 through 29 cannot be 
solved directly for the derivatives of c, s, v, and P, is: 


Pew | 
k k, oP 
iis OS OC 
0 0 0 0 
oa da 
doe ch W 0) 0 
0) 0 0) 0 
dx dt 0) 
Dae0.-0. 0 0 0 dx dt | 


Thus, four characteristic curves are given by: 


da \ OP. da OP, oP 


The solutions tor v,, P, S and c would normally be 
larly at the high water saturations that a detergent will 
tion (dt)* = 0 causes these relations to become indeter- 
minate, A double characteristic of the type t = constant 
is normally associated with a parabolic equation. This 
type of characteristic cannot be used in solving the 
equation, although a knowledge of such characteristics 
and their number can be useful in determining the type 
of boundary conditions required to set a problem. 
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SOLUTION OF EQUATIONS NEGLECTING 
CAPILLARITY 


If the capillary pressure in Eqs. 5 and 23 is as- 
sumed to be constant (that is, capillary forces are neg- 
lected), hyperbolic-type equations are obtained. It is 
physically reasonable to presume that detergent adsorp- 
tion is almost independent of water saturation, particu- 
larly at the high water saturations that a detergent will 
encounter. Thus, adsorption is considered a function of 
concentration only. With these assumptions, Eqs. 22 
and 23 combine to give: 


Substituting in Eqs. 24 and 25: 


OS, 


OG 


f ac 4 5 da \ Oc 0 (11) 
oc ) or 


The strip conditions are Eqs. 28 and 29. Thus the con- 
dition for characteristics obtained from Eqs. 10, 11, 28 
and 29 is: 


0 


eh) oc | 
Ga | 
0 0 | 
| | 
dx dt | 
| 
which gives 
dx Vv 
2 
oc 


The compatibility relations associated with Eqs. 12 and 
13 are obtained by substituting the right-hand side of 
Eqs. 10, 11, 28, and 29 in a column of the determinant, 
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| 
X 5S 
5 
— 
f 


Eq. 32. Expanding the compatibility determinant gives: 


odS Vigdt = (s dx Ir dcdt 


Ca \ of. 


Substituting the condition for a G characteristic (Eq. 
13 gives: 


dc = 0, c = constant 


Substituting the condition for a F characteristic (Eq. 
12) gives: 
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oc Ch) 
Ge, \\ 
We use Eqs. 11 and 29 to simplify this relation, giv- 
ing: 
dS OC 


Eqs. 12 through 15 can be solved simultaneously to 
map the characteristic curves numerically in a step-by- 
step process. These define the complete solution to Eqs. 
10 and 11. kkk 
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The Use of the Method of Characteristics in Determining 
Boundary Conditions for Problems in Reservoir Analysis 


25 Une 


F. J; FAYERS” 
MEMBER AIME 


Problems in reservoir analysis can usually be ex- 
pressed in terms of a system of nonlinear partial differ- 
ential equations. A method for setting physically reason- 
able boundary conditions for these systems by applica- 
tion of the theory of characteristics is discussed. A short 
description is given of the technique for finding charac- 
teristics of general first order and second order equa- 
tions. Specific examples are quoted from equations oc- 
curring in theoretical reservoir studies. The principles 
associated with the use of characteristics to set phys- 
ically realistic boundary conditions are developed, and 
the method is discussed in terms of boundary conditions 
for the noncapillary, incompressible, two-phase flow 
problem; for the capillary, incompressible, two-phase 
flow problem; for the detergent flooding problem; and 
for the compressible, noncapillary, two-phase flow prob- 
lem. 


In most problems in reservoir analysis the physical 
situation is described by a system of nonlinear partial 
differential equations. The general solution to the set 
of equations usually comprises a wide range of func- 
tions and a particular solution is normally selected by 
applying suitable boundary conditions to the problem. 
In some cases it is clear from the physical situation 
what form the boundary conditions should take, but it 
is usually desirable to have an independent mathe- 
matical check of the suitability of the chosen conditions. 
From the mathematical standpoint, a system of partial 
differential equations with boundary conditions is said 
to be properly set if the combination determines a 
unique solution which is continuously dependent on the 
equation and the boundary conditions. Such a solution 
is sometimes termed “reasonable”. 


In investigating the properties of the mathematical 
representation, it is useful to determine the structure of 
the system by the application of the theory of character- 
istics. This theory determines in the space of the inde- 
pendent variables, lines or surfaces which play a special 
role in the system’s behavior. The characteristics deter- 
mine the possibility and nature of the propagation of 
discontinuities in the derivatives of the dependent varia- 
bles. Along the characteristics certain differential re- 
lations hold which for some problems allow a so- 
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lution to be obtained analytically. In the case of hyper- 
bolic equations the characteristics can be used as a 
basis for a numerical solution. If a complicated non- 
linear system is to be solved, a study of behavior of 
the characteristics will indicate what boundary condi- 
tions should be chosen. 


By using the method of characteristics, several ad- 
vances have recently been made in solving reservoir en- 
gineering problems. Sheldon, Zondek and Cardwell’ 
have discussed how the the method may be used grap- 
phically to solve the incompressible two-phase displace- 
ment problem when the gravity term is included in the 
equations. Fayers and Perrine* have applied the method 
to study the equations representing detergent flooding. 

When compressibility and solution-gas effects are in- 
troduced into the two-phase flow problem, the equations 
and their characteristics become more complicated. It 
will be seen that in this problem the characteristics are 
useful for indicating a reasonable set of boundary con- 
ditions but cannot readily be used to compute a nu- 
merical solution. This problem has been solved on the 
IBM 701 using normal finite difference methods by 
West, Garvin and Sheldon.° 

The material to be presented in this report is divided 
into three sections, The first discusses the determination 
of the characteristics of first and second order partial 
differential equations; the second describes the selection 
of suitable boundary conditions by the application of 
the principle that the future cannot affect the past; the 
third discusses the use of characteristics for setting 
the boundary conditions of the two-phase solution-gas 
flow problem. 


THE METHOD FOR DETERMINING 
CHARACTERISTICS 


A useful introduction to the method of character- 
istics has been given by Hildebrand.* A summary of 
the method will be given in this section of the paper. 
THE First ORDER EQUATION 

The quasi-linear equation of first order is 

: Oz 
+ G(x, y,Z) —— = 

It is linear in the partial derivations of z. The properly 
linear equation has the form 


0z 0 
Ox oy 


= 2H,(x, y) + H.(x,y) (2) 


The characteristics of Eq. 1 are curves along which the 


‘References given at end of paper. 
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partial derivatives and — 


0 


cannot be deter- 


mined uniquely. Along such a curve 


oz 
a and za cannot be determined directly from Eqs. 
1 and 3 if 
that is 
dy G 


This ordinary differential equation is said to deter- 
mine the projections of characteristic curves on a base 
plane (x, y). 


and Una are to exist along the characteristic 


curves, the projection of which are defined by Eq. 4, 
then we must satisfy the following compatibility rela- 
tionships. (These compatability conditions insure that 
the derivatives which are indeterminate according to 
Eq. 5 are constrained to be finite): 


That is, 
dz a dy 
dz dx 


Eqs. 8 and 9 are called the “characteristic relations” 
and can in a few cases be solved analytically. Any 
surface which satisfies 5, 8 and 9 at all points is a 
solution of the partial differential Eq. 1. This repre- 
sentation of the equation has certain advantages in 
prescribing properties of solutions, as illustrated in this 
paper. This is essentially due to replacing the surface 
relation (Eq. 1) by equivalent integral relations along 
lines represented in Eqs. 5, 8 and 9. These relations 
can be used as a basis for numerical integration when 
an analytical solution is not possible. 


As an example of determining characteristics we 
may take the problem of the flow of two immiscible, 
incompressible fluids in a porous medium. A frontal 
advance equation of the form 


oT ds Ox 

is obtained, the notation being defined later. The curve 

strip condition is ds = ay, af ar dT so that the 


Ea. 10 5 b df, 
characteristics of Eq. are given by ier aoe a 


the characteristic relation is ds = 0 (s being constant). 
[his is the result obtained by Sheldon, Zondek and 
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Cardwell’ and provides the basis for the Buckley- 
Leverett’ solution of the two-phase flow problem. 


THE SECOND ORDER EQUATION 

; The general linear homogeneous second order equa- 

tion in two dimensions is 
OR 

Ox” ax0y oy 


OZ 


(iT) 


where a, b, c, d, e, f are functions of x and y. 


Along a curve C on a surface we must satisfy the 
relations 


OZ Oz 


and 


Oz OZ OZ 
(=) axdy x + dy G12) 


If the partial derivatives and cannot be 


ox” axdy 


determined directly from these relations, then 


| b Cc 
dx ay 
dy dy 
or a (2) Ga 0) (14) 


If b° > 4ac, there are two real roots and the equation 
is said to be hyperbolic. 
dy 


= 
If b = 4ac, the roots —— = —— are coincident and the 
dx 2a 


equation is parabolic. 


If’ < 4ac, then the roots are imaginary and the equa- 
tion is elliptic. 


The characteristic relations are given by successively 
replacing the columns of the determinant in Eq. 13 by 
the terms not involving second order partial derivatives 
in Eqs. 11 and 12. For example the first characteristic 
relation is obtained from 


OZ 
d dy 0) = 0) 5 
Oz 
d ( =) dx dy 


that is, 


al ahs ol Hf take OZ 


Such relations are needed to insure finite values for the 
derivatives which are indeterminate according to Eq. 
13. Replacing different columns often repeats the basic 
characteristic relation or leads to an identity. 

As an example in reservoir analysis of finding the 
characteristics of a second order equation we consider 
the incompressible two-phase flow problem when both 
gravitational and capillary forces are included. An 
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r 

OX 

| 


equation of the form (Rapoport and Leas,” Fayers and 
Sheldon’) 


is obtained where 


kK (pw — po) g sind 
G(s) = fe “| 
=| | { 
C(s) Kee N. 
Os 
= 
and 
The only second order term is Co, and thus when 


capillarity is included in the displacement problem, the 


dx 


bolic with characteristics 7 = constant. 


characteristics are given by fa) = 0. Eq. 16 is para- 


In the noncapillary problem (Eq. 10) the existence 
of the characteristics with a finite varying slope leads 
to shock formation.’ The change in the behavior of the 
characteristics when capillarity is included in the prob- 
lem would lead us to expect that the shock formation, 
or the triple-valued behavior of the Buckley-Leverett’ 
solution, will not occur in the solution of Eq. 16. 


THE USE OF CHARACTERISTICS IN 
DETERMINING BOUNDARY CONDITIONS 


A knowledge of the characteristics and their behavior 
can be used to set physically reasonable boundary 
conditions. This technique is best illustrated by a num- 
ber of examples. 

Consider the first order equation (Eq. 10) of two- 


Os 
hase displ ti. 
phase displacemen aT 
dx dfn 


The characteristics are given by SO, 


ds 


characteristics have positive slopes (see Fig. 1) so that 


at any instant, a solution from earlier time will deter- 
mine the solution on the output boundary AB, through 


the characteristic relation which governs S$ 


Thus no prescribed boundary condition will be 
needed on the outer boundary AB. However there are 
no charaeteristics advancing from earlier time that 
intersect the input boundary OC, so that one boundary 
condition fixing the one dependent variable S is re- 
quired at this boundary. Similarly at the zero time 
boundary OA, there are no solutions projected from 
earlier time and consequently one initial condition will 
also be required here. 


Consider th tion 
onsider the wave equati BE. AD) 


The characteristics of Eq. 17 are oral Net that is 


Using the afore-mentioned arguments, we have one 
restriction supplied by characteristics of negative slope 
on the left boundary and one restriction supplied by 
characteristics of positive slope on the right boundary. 
With a second order equation two restrictions are 
required for each boundary, so that one boundary 
condition remains to be specified on each of the left 
and right boundaries, together with two initial condi- 
tions on the zero time boundary. The statement that 
two restrictions are required on each boundary for a 
second order equation may be expressed more precisely 
by saying for the so-called Cauchy problem (which 
determines a solution adjacent to a boundary) that 
when no other effects influence the solution, two condi- 
tions on the dependent variable and its normal deriva- 
tive can be arbitrarily prescribed. Characteristic condi- 
tions emanating from inside the region of solution re- 
duces this freedom. 

Consider the diffusion equation 


The characteristics of Eq. 18 are (=) = Oh 


B CG B 
ch 
| 
t 
Ss 
t 
L 
input output 
boundar y boundary 
EO) X=] 


Fic. 1-—CHARACTERISTICS FOR THE Buck- 
LEY-LEVERETT EQUATION, 


Fic. 2—CHARACTERISTICS FOR THE WAVE 
EQUATION. 


Fic. 3—CHARACTERISTICS FOR THE DIFFU- 
SION EQuatTion, 
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dt 
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Two 
Conditions 
| 


| 

x A OQ SandP or 
Fic. 4—CHARACTERISTICS FOR SOLUTION- 


Gas 


In this case the characteristics are lines of zero slope. 
By analogy with the arguments given earlier the char- 
acteristics can be considered to be the limit of char- 
acteristics with positive and negative slopes, so that one 
boundary condition should be specified at the left and 
right positions. However, the zero time boundary coin- 
cides with a pair of characteristics which have a com- 
patibility relation associated with them. The compati- 
bility relation supplies one restriction on the zero time 
boundary and thus for the diffusion equation, only one 
initial condition is required. 


In Eq. 16 for the two-phase capillary displace- 


os dG os 0 GKy 


dx 


sembles the diffusion equation. 


ar * 
with characteristics (=) = (0. Thus this equation re- 


In solving the capillary problem, we consequently 
require one boundary condition at each of the bound- 
aries and one initial condition. It should be noticed that 
an extra boundary condition is required in changing 
from the noncapillary to the capillary displacement 
problem. 


In many situations it is advantageous to work with 
the original equations and physical variables instead 
of eliminating to obtain a single higher order equation. 
Properties associated with these variables can be more 
readily assessed and the repeated differentiation used 
in an elimination procedure often causes difficulties 
when discontinuities in the derivatives of the original 
variables occur. The technique of handling a number 
of first order equations was used in establishing the 
characteristics of the detergent problem. In that prob- 
lem when capillarity was included in the equations the 
characteristics were given by 


da \ oP da OP, oP 


The dependent variables of the first order equations 
were q, P, S and C, so that four conditions are required 
on each boundary since the corresponding Cauchy 
problem arbitrarily sets each dependent variable. The 
(dt)* =0 factor may be regarded as supplying two 
conditions on one boundary and one condition on the 
other (the choice is not important). The factor 
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S and Vg A 


Fie. 5—CHARACTERISTICS TYPE 1 For So- 
LUTION-GAS PROBLEM. 


B 
|B 
| 
| One 
| Condition 
Condition One 
Condition 
| / 
Two / 
Conditions / 
O an or Sand V, A 


Fic. 6—CuHaARACTERISTICS 2 FoR So- 
LUTION-GAS PROBLEM. 


OP, 
dx Os 


dt oP. oa oP. 
dc J Os os 0c 


will produce one condition on either the left hand 
or the right hand boundary depending on whether the 
right hand side of Eq. 20 is negative or positive. We 
may combine the conditions supplied by these character- 
istics so that two boundary conditions should be given 
on each boundary. The compatibility relation associated 
with (dt)*° =0 supplies one condition on the zero 
time boundary leaving three initial conditions to be 
specified. 


BOUNDARY CONDITIONS FOR THE 
SOLUTION-GAS TWO-PHASE FLOW PROBLEM 


Using the notation of West, Garvin and Sheldon* 
with the exception of S for the saturation of the oil 
phase and p for densities, the equations governing the 
flow are 


k, oP 
k, oP 
0 0 


(23) 


Eqs. 21 and 22 imply an algebraic relation between 
VY, and V,, so that elimination of V, results in a system 
of three first order equations for the dependent vari- 
ables V,, P and S, with the oil flow velocity given by 
= fi 

k,(s) ) 
Taking into account the variation of the coefficiencies 
in the equations with the dependent variables, and 
writing 


J 


(P) (P) k,(s) 
k,(s) 
(P) 


the equations reduce to 


C | 1B 
| | 
{ 


C B 
\ One \ 
Condition \ Vq =O 
Two Two One ee 
Conditions Conditions Condition Condition ‘ 
t \ 
\ 
\ \ \ \ 
or and Vy O Q SandP or S and V, A 
Fic. 7—CHARACTERISTICS TyPE 3 FOR SO- Fic. 8—CHARACTERISTICS TYPE 4 FOR SO- Fic. 9 — CHARACTERISTICS FOR RADIAL 


LUTION-GAS PROBLEM. 


oP Mg 
V,=0, 
da oP oP dB os 
os 
0 
and 
dp,’ dd dp. 
les + ? 
oP dB és os 
+ ¢(- + po’) —— 
OV, 
The strip conditions for the characteristics are 
One Se = = 
Ox 
Os 
and 


If the first order partial derivatives cannot be deter- 
mined directly (the condition for the strips to be char- 
acteristics), then the determinant formed from the 
coefficients of the derivatives must vanish. This yields 
the result dt = 0, repeated twice, and 


k, 
k, ds\ k, 


k 


(29) 


The repeated characteristic, dt = 0, indicates a para- 
bolic system and consequently the characteristics are 
not directly useful for a numerical solution. The char- 
acteristic relations associated with these directions are 
obtained by replacing one column of the determinant 
from the six equations by the right hand column of 
terms which do not contain the partial derivatives. For 
the direction dt = 0 or t = constant, this reduces to 


— 0%. (30) 


g 


which is a repetition of Eq. 21. Eq. 21 itself happens 


288 


LUTION-GAS PROBLEM. 


So.ution-Gas PROBLEM. 


to be an inner differential expression for lines t = con- 
stant, since it does not contain the derivative aps for 


any of the dependent variables. The integral relation 
for a characteristic given by Eq. 29 is of the form 


P) dP Bes, Cts, P) 


where A, B, C and D are certain functions of the 
coefficients of the system of differential equations. 


The gradient of the characteristic associated with 
Eq. 29 has the same sign as V, or V,. In considering 
the influence of the repeated characteristic dt = 0, by 
analogy with the equations discussed previously, one 
constraint is assumed at each of the boundaries OC 
and AB. The zero time boundary coincides with the 
dt = 0 characteristic and thus the characteristic relation 
supplies one condition on this boundary, leaving two 
initial conditions to be specified. Figs. 5, 6, 7 and 8 
show various possible configurations of characteristics 
and the corresponding boundary conditions which can 
be prescribed. They differ because of the variety of 
behavior which can be associated with the character- 
istic condition (Eq. 29). 


The case corresponding to the problem solved by 
West, Garvin and Sheldon* is illustrated in Fig. 9. 
Zero gas velocity V, along the boundary AB makes 
AB a characteristic. A characteristic relation, there- 
fore, exists for the variation of the dependent variables 
along it. Eq. 31 does not apply directly since in obtain- 
ing it, division throughout by V, was carried out. This 
step is not permissible when V, = 0. Returning to the 
original matrix, the condition in this case takes the 
form of an ordinary differential equation in p and s, 
namely: 


dp," | 


dP of | 
dP 
g 
( dP Ss 
Po” af | 
=0 
+ 8B) 


The characteristic relation supplied by the charac- 
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B 
dx V, 
ke | 


teristic dt = 0 takes the form of Eq. 30, and if V, = 0 
oP 
then Bo 0 on the boundary AB. 


It follows that for solutions of the type considered,’ 
one boundary condition should be used on OC, 


oP ’ 
me = 0 specified on AB, and two initial conditions 


must be supplied. West, Garvin and Sheldon* used this 
system of boundary conditions. 


Discus Sho N 


This report has presented concepts which the theory 
of characteristics can contribute to the problem of 
setting appropriate boundary conditions for partial dif- 
ferential equations such as those occurring in reservoir 
analysis. The rigorous mathematical derivation of pre- 
cise conditions to determine a “reasonable” solution 
which is unique and continuously dependent on the 
boundary values has only been solved for very special 
situations. However, consideration by analogy with 
simpler equations having similar characteristic con- 
figurations determines the conditions discussed in the 
report, and it is suggested that calculations be con- 
tinued on this basis rather than awaiting the rigorous 
mathematical development. 


NOMEN 1-U:R 
F, G, H = Coefficients of a general linear first 
order partial differential equation 


= Coefficients of a general linear sec- 
ond order partial differential equa- 
tion 

x, y = Space variables 


DCG, 


*See AIME Symbols in Trans. AIME (1956) 207, 363, for other 
symbol definitions. 
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N 


. Buckley, 


t = Time variable 
z = General dependent variable 


X = Normalized space variable, X => 


T = Normalized time variable, T= 


L = Length of a system 


q = Total volumetric flow rate 
fw = Buckley-Leverett fractional water 
flow 


P, = Capillary entry pressure 
c = Detergent concentration 
a = Adsorption isotherm 
V.. = Volumetric flow rate of water 
V, = Volumetric flow rate of oil 
V, = Volumetric flow rate of gas 
= Density of oil in the oil phase 


p? = Density of gas in the gas phase 

p’ = Density of dissolved gas in the oil 
phase 
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O 


The fundamental equations that are used to describe 
two-phase fluid flow in porous media are Darcy’s law 
for each phase and an equation of continuity for each 
component.’ The special case of one-dimensional, in- 
compressible, two-phase flow has received much atten- 
tion in the petroleum engineering literature.*” The basic 
paper on the subject is that of Buckley and Leverett.” 
Buckley and Leverett showed that one could eliminate 
the pressure and obtain a single partial differential equa- 
tion for the saturation. They solved this equation for 
the case when gravity and capillary forces are negligi- 
ble. A frequently encountered property of the solution 
of the basic partial differential equation is that, as time 
progresses, the saturation becomes a multiple-valued 
function of the distance coordinate, x. Buckley and 
Leverett interpreted the formation of multiple values as 
an indication that the saturation-distance curve had be- 
come discontinuous. They developed a method of deter- 
mining the position of the discontinuity from a material 
balance. 


We solve the Buckley-Leverett partial differential 
equation using the method of characteristics and the 
concept of shocks. Our treatment is analogous to treat- 
ments used in the theory of supersonic compressible 
flow.” Although the numerical results obtained are the 
same as those obtained by previous methods, we be- 
lieve that this approach is more logical and has broader 
applicability. It can, for example, be generalized to treat 
the case when the fluids are compressible. It is not clear 
how one would go about doing this using the method 
of Buckley and Leverett. To illustrate the power of the 
method of characteristics with shocks, we solve a prob- 
lem in gravity segregation which has not been treated 
previously in the literature. A special case of the gen- 
eral method developed here was used by Welge’ to solve 
a particular fluid displacement problem. 


We consider two-phase incompressible flow along the 
vertical direction x in a porous medium. We assume 
that there is no flow transverse to x. We measure x 
positive in the upward direction. The fundamental equa- 
tions are obtained from Darcy’s law and the mass con- 
servation law. Since the two phases are incompressible, 
mass conservation is equivalent to volume conservation. 
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Darcy’s law for the two phases gives 


OX 


Op 
Vo ) (2) 


p: and p, are the densities of phases 1 and 2; v, and 
vy, are the volumetric fluxes of phases 1 and 2; m, and 
m, are the mobilities of phases 1 and 2; ie., m= 
K,/ M2 = k, and k, are functions of the satura- 
tion. 


and 


The volume conservations laws are 


OV, os 

and 

Ov. 


S is the saturation of phase 1 and ¢ is the porosity. 
Adding Eqs. 3 and 4, we obtain 


Ox 
and 

v(t) is the total volumetric flux. In this paper we make 
the simplifying assumption that v(t) is constant in time 
so that v(t) = v. Adding Eqs. 1 and 2, using Eq. 5, 
we obtain 


Solving Eq. 6 for -*—and inserting into Eq. | gives 


m, 
Inserting Eq. 7 into Eq. 3 gives 
os 0 m, v os 
ot OS | m,.+ Ox 
et 
my Vv MM, (p2 — pr) 
(5) m+m mt+m 
Then Eq. 8 becomes 
oS os 


Eq. 10 is an equation for the saturation alone. 
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THE SOLUTION OF THE SATURATION 
EQUATION BY THE METHOD OF 
CHARACTERISTICS 


Consider a function S(t,x) defined over the t,x plane. 
We ask what is the rate of increase of S(t,x) at t,x in 
the direction 6? This is given by VS-n where n is a 
unit vector in the direction 6. Let n, and n, be unit 
vectors along ¢ and x. Then, 


n=n,cos 6 + n, sin @, 
0 


V =n, — +n, 
ot Ox 


> 


os 
= — cos @ + 
t Ox 


and, therefore, 

VS-n oS en) 

cos 6 ot Ox (11) 
We see from Eq. 11 that the meaning of Eq. 10 is that 
the rate of increase of § along the direction @ obtained 
from tan 6 = f’(S) is zero. A direction along which 
Eq. 10 represents differentiation is called a characteris- 
tic direction. Eq. 10 states that S is constant along a 
characteristic direction. 


A path in the ¢,x plane which has everywhere the 
same slope as the characteristic direction associated with 
a solution of Eq. 10 is called a characteristic path, or 
simply a characteristic. Then, the differential equation 
for the characteristic path is 


dx 

dt 

Suppose that at t= 0, x = x(0,S). Then integrating 


x(0,S) is given by the initial saturation distribution. 
When the saturation at t = O has the form of Fig. 1 
(left), x(0,S) is a univalued function. However, this is 
not essential. In Fig. 1 (right), we have an initial dis- 
tribution that gives a double-valued function x(0,S) 
have two characteristics for each value of S, parallel to 
euch other in the t,x plane but intersecting the x-axis 
at different points. When, the characteristics defined by 
Eq. 13 no do not intersect each other in the domain of 
iategration, we have solved Eq. 10, because by inverting 
1(4,3) we get a univalued function, 

Graphical methods are well suited for obtaining 
upproximate solutions to Eq. 10 using characteristics. 
or example, suppose at t = 0 we have the distribu- 
tion shown in Fig. 2 (solid curve) and that f($) has the 
form shown in Fig. 3. Then we draw the initial S dis- 
tribution of Fig. 2 on the same plot as the f(S) curve 


S 
A 


So 


| | 

| 

| 

| 

| 
x X,(0,S) Xp(0,S) xX 


Fic. 1—Srartine S Disrriputions. Curve A: x Is A SINCLE- 
VaLuep Funcrion or S. Curve B: x Is 4 DouBLr- 
VALUED FUNCTION OF 5S. 
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using x as Ordinate and S$ as abiscissa, as shown in 
Fig. 3. We may use any convenient scale for x and for 
f independently, but then the scale of t (Fig. 3, bottom 
abscissa) will be determined. Next we draw the char- 
acteristics diagram shown in Fig. 3 at the bottom. We 
obtain the characteristics in the following way: 


1. Choose a point on the initial S distribution and 
mark its value of x on the t = O ordinate of the char- 
acteristics diagram. 


2. With the value of S belonging to the point chosen 
in Step 1, enter the f curve, obtain the slope, and 
translate it to pass through the origin point on the 
characteristics diagram obtained in Step 1. This gives 
the characteristic for the initial point. 


In Fig. 3 (bottom) we show the characteristics corre- 
sponding to points 1, 2...,8 marked on the initial 
distribution curve. 

Then if we wish to obtain the S(x) distribution at 
some time ¢t = ¢,, we read the values of x at t=ht, 
for each of the characteristics, plot the values on an 
S(x) plot and connect the points by a smooth curve. 
This is shown in Fig. 2 (dotted curve). 

In this example, we assume that the medium extends 
indefinitely in the direction of positive x. We discuss 
subsequently what to do at boundaries. 


THE FORMATION OF SHOCKS 


Suppose that the initial saturation distribution is the 
same as that shown in Fig. 2 but that the f(S) curve 
has the form shown in Fig. 4. Then at times greater 
than ¢t, (Fig. 4), certain of the characteristics intersect, 
and the solution S(t,x) is no longer single-valued. From 
a mathematical point of view, the solution is still 
admissible; but from a physical point of view, S(x) 
cannot be multiple-valued. Let us assume that a dis- 
continuity in S(x) develops at a point where the char- 
acteristics first intersect and then re-examine our mathe- 
matical formulation of the problem. We call such a 
discontinuity a shock, to distinguish it from other types 
of discontinuities that can arise (for example, a dis- 
continuity in the initial distribution which smooths out 
in time). Across the shock, the derivatives of v, and v. 
with respect to x and the derivative of S with respect 
to t become infinite so that the conservation Eqs. 3 
and 4 no longer have meaning. 

However, material must be conserved across the 
shock. Let € be the position of the shock at time 4; 
let S_ be the value of S that we get when we approach 


Fic. 2—Sorip Curve: Srartinc Distrisution. Dorrep 
Curve: S AT TIME t= 
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the shock from x < € and S, tne value of S we get 
when we approach the shock from x > &. We call 
S, — S_ the strength of the shock. We use subscripts 
+ and — to indicate functions of S, and S_. The con- 
dition that the volume of phase 1 leaving the shock on 
the plus side is equal to the volume of phase 1 enter- 
ing the shock on the minus side is 


dé 


We have an analogous equation for phase 2 which 
can be reduced to Eq. 14. To see that the volume of 
each phase must be conserved across the shock, sup- 
pose that it were not so—that is, suppose more of 
phase 1 entered the shock than left it during an inter- 
val At. Then, since there is no physical volume asso- 
ciated with the shock, the saturation would have to 
try to increase an infinite amount to make room for 
the amount of phase 1 added to the shock, and this 
is not possible. Hence, phase 1 must be conserved 
across the shock. 


tet, 
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Fic. 3—f Curve, S DistrRipuTion AND 
CHARACTERISTICS DiacRAM FOR EXAMPLE PRop- 
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The Darcy laws, Eqs. 1 and 2, apply to fluid elements 
in the neighborhood of the shock as we approach from 
either side and hence to S, and S_ but not to the inter- 
mediate values of S between S, and S_. It turns out 
that if the Darcy and conservation laws hold every- 
where in the medium except at the shocks, and Eq. 14 
applies at the shocks, then the motion of the shocks 
is determined and no equations analogous to Eq. 1 and 
2 are required for the values of S within the shock. 


The point of view we have adopted here is similar 
to the view one encounters in the treatment of super- 
sonic compressible flow. Shocks are formed at which 
the original flow differential equations do not apply, 
but where conservation conditions for mass, momentum 
and energy still apply. The reason the solutions to the 
original equations become multiple-valued (so that it is 
necessary to introduce discontinuities artificially) is 
that something has been left out of the basic equations. 


In ideal, compressible flow equations, viscosity and 
heat conduction terms are omitted. These terms become 
important in the neighborhood of incipient shocks and 
can be shown to remove the multiple-valuedness of the 
solution if they are incorporated in the equations. In 
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Our case, presumably what has been left out is capil- 
larity, which is important where the saturation gradient 
is large—i.e., where our shocks now form. Presumably 
the introduction of capillarity into our equations would 
lead to basic equations without multiple-valued solu- 
tions for S, although to our knowledge this has not 
been proved. 


Making use of Eqs. 7, 9 and 14, we obtain for the 


shock velocity 


dee 
Note that as the shock strength vanishes, Eq. 15 goes 
over into the characteristic Eq. 12. Eq. 15 tells us that 
the velocity of the shock is given by the slope of the 
secant connecting S, and S_ on the f(s) curve. With 
the aid of Eq. 15, we can trace the development of a 
shock in time. The instant of time of shock formation 
occurs when two (infinitely close) characteristics cross. 
This is the point A in Fig. 4. (We may also define the 
instant of time of shock formation as the first value 


(15) 


of t at which for some 8. = 0). The slope of the 


shock path at A (dotted curve in Fig. 4) is the same 
as the slope of the characteristic through A. When the 
shock path is curved, step-by-step methods must be 
used to follow it. 


Suppose we know the location and slope of the 
shock path in the characteristics diagram at a time t. 
(We know it at A, initially.) We can then continue 
the shock as a straight line for a small time interval, 
At, to determine its position at ¢ + At. Then we can 
find by trial and error which characteristics meet the 
shock at t+ At. Suppose these characteristics carry 
values of saturation S, and S.. Then the new slope of 
the shock path starting at t + At is given by Eq. 15 or 
by the slope of the secant connecting S, and S_ on the 
f curve. If the time intervals At are chosen small 
enough, we can trace the shock path as accurately as 
we wish by this method. The shock path is the dotted 
curve in Fig. 4. Pairs of S,, S_ characteristics (2’ — 2, 
3’ — 3, 4’ — 4 and 5’— 5) are shown meeting the 
shock. The slope of the shock path at the 2’ — 2 inter- 
section is given by the secant 2’ — 2 on the f curve; 
the slope of the shock path at the 3’ — 3 intersection 
is given by the secant 3’ — 3 on the f curve, etc. The 
characteristic labeled 6 in Fig. 4 is the one having the 
same slope as the tangent to the f curve which passes 
through the origin 0. It is easily seen that as time 
progresses, the secant representing the shock slope is 
approaching the secant 0 — 6, and the shock path is 
becoming parallel to the characteristic 6. As this limit- 
ing shock path is approached, the shock strength and 
shock velocity are becoming more and more nearly 
constant. It is also easily seen that, as we sharpen up 
the initial distribution (Fig. 5), the shock strength 
approaches its asymptotic value more rapidly and. the 
asymptotic shock path lies closer to the characteristic 6. 


In Fig. 5, characteristics 6, 7, 8 and 9 carry the same 
values of S as in Fig. 4. Characteristics 1, 2, 3 and 4 
carry different values of S in Figs. 4 and 5. We see that 
in the limit when we start from a discontinuity in S 
from zero to one at t = 0, the shock path coincides 
with the characteristic 6 and the shock strength is that 
belonging to the secant 0 — 6. The characteristics 
diagram for this case is drawn in Fig. 6. We have a 


VOL. 216, 1959 


Fic. 5—f Curve, Initia, S Disrrisution AND CHARACTERIS- 
tics DIAGRAM FOR SHARPER INITIAL DistTRIBUTION THAN 
SHown In Fre. 4. 


straight-line shock and a “fan” emanating from x = 0, 
t = 0. This is the solution for the injection of phase 1 
into a semi-infinite medium initially filled completely 
with phase 2. Welge® obtained the equivalent of this 
solution by replacing the part of the f curve between 
0 and 6 by the straight-line secant-tangent 0 — 6. We 
call this solution the “Welge solution”. 


Figs. 4 and 5 represent simple examples of shock 


Ox 
formation. If for some f, the value of becomes zero 


at a value of S not spanned by the initially-formed 
shock, then two shocks will appear. These shocks may 
later meet and merge into one shock. When two shocks 
(1 and 2) meet, one of the S, or S_ values for shock 
1 becomes equal to one of the S, or S_ values for shock 
2. The velocity of the resulting shock is that of the 
slope of the secant connecting the S,, S_ values that 
do not merge where the shocks meet. 


UNIQUENESS OF SOLUTION 


We note that in the limit where we are injecting 
phase 1 into an infinite medium filled initially with 
phase 2 (Fig. 6), the solution is no longer unique. 
The shock path could be represented by any secant on 
the f curve having S, = 0 and S_ in the range between 
“6” and “9” on the f curve (Fig. 6). For example, let 
us take S_ at the point 7 on the f curve. The resulting 
characteristics diagram appears in Fig. 7. The char- 
acteristics 7, 8 and 9 are part of a fan at the origin 
of the t, x diagram. Then “7” characteristics come off 
the shock everywhere along its path because they are 
the S_ characteristics for the shock. 


In cases such as this one, we can choose the cor- 
rect (i.e., most plausible on physical grounds) solu- 
tion by requiring the solution to be what is called 
“well-set”. If the solution is well-set, a small continu- 
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Fic. 7—An ALTERNATIVE SOLUTION TO THE WELGE 
SoLution ILLustRATING THE NoN-UNIQUENESS OF 
THE WELGE SOLUTION. 


ous change in the initial conditions will make a small 
continuous change in the solution obtained. From this 
point of view, the Welge solution (Fig. 6) is more 
satisfactory than the solution of Fig. 7. As discussed 
previously, if we start with an initial S distribution 
varying from 0 at x > 0 to 1 at x = 0, we obtain a 
solution which becomes arbitrarily close to the Welge 
solution as this initial distribution becomes sharper 
and sharper. Hence, the Welge solution is favored over 
that given in Fig. 7, which cannot be approached by 
making continuous small changes in the initial distri- 
bution. 


The requirement that the solution be well-set is an 
important consideration in treating more complicated 
problems involving shock reflections at boundaries, In 
most cases it amounts to a condition that secants on 
the # curve representing physically admissable shocks 
should not cross the f curve anywhere between their 
end points on the f curve. 


GRAVITY SEGREGATION 


When gravity is negligible’ (g =O in Eq. 9), f 
curves derived from experimental data are similar in 
shape to the f curve in Fig. 4. We now consider the 
case of pure gravity segregation. This means that v = 0 
in Eq. 9. We choose oil and gas for our two phases. 
The f curve shown in Fig. 8 was obtained from the 
reservoir and fluid properties chosen by West, Garvin 
and Sheldon,” assuming a pressure of 4,000 lb. f is 
less than or equal to zero. It goes to zero at S = 1 — S,, 
where S, is critical gas saturation (i.e., at S = 0.9 in 
Fig. 8). We also show S going to zero at S = S,, = 0.2. 
In the West, Garvin and Sheldon data, k, is small but 
not zero for S in the range between zero and 0.2. How- 
ever, f is so small in this range of S that we cannot 
plot it to the same scale as used for the rest of the f 
curve, so that we assume f to be zero in this range. In 
what follows, we are also assuming that compressibility 
as well as capillarity effects may be neglected. 


As a particular problem for solution, we choose the 
case where the porous medium is filled initially at a 
uniform saturation. We wish to obtain the saturation 
distribution as a function of the time as the two fluids 
segregate. From Eq. 7 with v = 0, 
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and y, — y, because v = O. Since p. > pi, Vi 1s nega- 
tive and y, is then positive. This means that oil is 
flowing down the column with a volumetric flux given 
by the absolute value of the right-hand side of Eq. 16 
and gas is flowing up the column at the same rate. 


Consider a layer of thickness « at the upper boundary 
of the medium. Gas flows upward into the layer at the 
rate given above, but no gas can cross the upper 
boundary. Since « may be chosen as small as we please, 
the gas saturation must increase instantaneously to its 
maximum allowable value, i.e., the oil saturation, S, 
must become equal to S,,. Similarly, oil flows into an e 
neighborhood of the bottom of the medium but cannot 
flow out, so that S becomes equal to 1 — S, at the 
bottom. We have now completely specified our prob- 
lem. Let us suppose that the initial saturation S equals 
0.8. This gives us the initial saturation distribution 
shown in Fig. 9A. This distribution is replotted with the 
f curve in Fig. 10. 


In order to obtain a well-set solution, we replace 
this initial discontinuous distribution by a continuous 
one (for example, by the dotted curves in Fig. 10). 
Then we draw the characteristics diagram correspond- 
ing to the continuous distribution, note the development 
of shocks, and study the behavior of these shocks as 
the continuous starting distribution approaches the dis- 
continuous one more and more closely. Without going 
through all this in detail, we simply state the results 
obtained for the discontinuous distribution. We find 
that an upward shock starts out from x = 0, with slope 
corresponding to the secant 2 — 1, and that a down- 
ward shock starts out at x = 1 with slope correspond- 
ing to the secant 2 — 3. These shocks have straight-line 
paths which meet as shown in the characteristics dia- 
gram. The new shock formed when the upward and 
downward shocks meet has slope corresponding to the 
secant 


Behind the downward moving shock, there is a fan. 
Characteristics in this fan corresponding to points 
4, 5, 6 and 7 on the f curve are shown on the char- 
acteristics diagram. Behind the upward moving shock, § 
is equal to .9 everywhere. (If we wish, we may regard 
this as a fan also, in which every characteristic belongs 
to saturation .9). The shock path after the upward 
shock meets the downward shock is shown. The suc- 
cessive shock slopes correspond to the secants 1 — 3, 
1 — 4, 1 —3 and 1 — 6 on the curve. The’ approxi: 
mate values of S in the regions delineated by the 
shocks and characteristics are also shown. 


From the characteristics diagram, we obtain the 
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lic. 9—Distrance-SATuRATION Curves AT VARIOUS TIMES FOR 
GRAVITY-SEGREGATION PROBLEMS. 


saturation-distance curves at t = .4 days and t = .76 
days. These are plotted in Figs. 9B and 9C. Fig. 9B 
shows the upward and the downward moving shocks. 
Behind the downward moving shocks, there is a region 
of continuous variation in saturation. Fig. 9C corre- 
sponds to the time at which the upward and downward 
moving shocks meet. Fig. 9D shows the final, segre- 
gated saturation distribution. 


For a 1-ft thickness, the computation shows that a 
‘wry appreciable amount of segregation takes place in 
/6 days. The time required to reach a given state is 
proportional to the height of the medium. In other 
words, a reservoir 100-ft thick would segregate the 
same amount in 76 days. Considerations such as these 
indicate that gravity segregation should often be taken 
into account even in treating a flat reservoir. 


Using the methods illustrated here, the reader should 
have no difficulty solving the segregation problem 
starting with other initial saturations. If the initial 
saturation is less than the value at the inflexion point 
between 2 and 3 on the f curve, then only one shock is 
formed (an upward moving one) instead of two. 


As an exercise in understanding the motion of the 
shocks, an interesting example is one having a column 
which is initially segregated and then inverted so that 
the heavy fluid is on top. 


ADDITIONAL PROBLEMS 


Many of the ideas presented here have application 
in more complicated cases. Some of these are: 


1. v is a function of the time. Then the character- 
istics become curved lines. 
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2. The two phases are compressible. Then the pres- 
sure equation must be treated simultaneously with an 
equation for saturation. S is no longer constant along 
a characteristic. 


3. Flooding occurs in two dimensions. The method 
of characteristics becomes more complicated but can 
be generalized to apply here. 


f = volumetric flux of phase 1 divided by porosity 
k,,k. = permeabilities, phases 1 and 2 (relative times 
absolute ) 
m,,M., = mobilities, phases 1 and 2 
n = unit vector in f,x plane 
S_ = limiting value of S when shock is approached 
from x < & 
S. = limiting value of S when shock is approached 


from x > & 
S, = critical gas saturation 
S,, = residual oil saturation 


v = total volumetric flux 
V,,¥2 = volumetric fluxes, phases 1 and 2 
x = position coordinate 
e = layer thickness 
6 = inclination in ¢,x plane to ¢ axis 
= viscosities, phases 1 and 2 
€ = position of shock 
p:,p: = densities, phases 1 and 2 


*See AIME Symbols List in Trans, AIME (1956) 207, 368, for 
other symbol definitions. 
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A numerical solution of equations describing two- 
Phase flow in porous media shows promise in providing 
a technique for predicting the displacement from sands 
of oil by water or gas. The description includes the in- 
fluence of relative permeability, fluid viscosities and den- 
sities, gravity, and capillary pressure, and, though tested 
only for two-dimensional cases, should be equally appli- 
cable in three-dimensional geometry. Two numerical 
methods are presented: the first method is quite gen- 
eral in its applicability; the second method can be used 
only with certain types of boundary conditions but re- 
quires less computing. 

Comparisons of computed results with data from lab- 
oratory models are presented. These data were taken on 
a water flood of a stratified model and on water floods 
of a five-spot model for favorable and unfavorable mo- 
bility ratios. On the stratified model, excellent agree- 
ment with recovery at breakthrough was obtained; 
agreement with recovery after breakthrough was poor. 
In the five-spot model, good agreement was obtained 
with recovery at and after breakthrough. 


GL OUN 


The purpose of this paper is twofold: first, to pre- 
sent a reservoir engineering method requiring knowl- 
edge only of rock geometry and the normally measured 
rock and fluid properties for calculating the multi-di- 
mensional flow of water displacing oil from porous, 
water-wet rock containing connate water; and, second, 
to investigate the validity of the method by comparing 
results of calculations with previously observed dis- 
placements in laboratory models. 

The availability of such a verified technique of res- 
ervoir analysis would afford major advantages. First, it 
would demonstrate that the fundamental macroscopic 
concepts of two-phase fluid mechanics, i.e., relative per- 
meability and capillary pressure, yield an adequate de- 
scription of the physical process, Also, since most reser- 
voir rocks appear to be water-wet and contain connate 
water along with oil, it would provide a method of tech- 
nical and economic value for calculating the course of 
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oil displacement by water directly from measured reser- 
voir and fluid properties. It is important to emphasize 
that the calculation is subject only to the limitations of 
detail and precision of reservoir information, but not 
to limitations introduced by simplifying assumptions. 
Further, it would provide almost the only means of ex- 
amining the influence of factors such as the size and 
extent of reservoir inhomogeneities and uncertainties in 
the basic reservoir data. Knowledge of this influence is 
essential in stating quantitatively the detail required to 
define a reservoir and in establishing the relation be- 
tween the uncertainty in the definition of reservoir prop- 
erties and the reliability of predicted performance. 
Moreover, in the process of solving a particular problem 
much detailed information would become available 
about the displacement process. For example, at each 
point in the reservoir for all stages of the displacement, 
the calculations would yield not only the water and oil 
saturations but also the direction and magnitude of fluid 
velocities and the local fluid mobilities. Such detail is 
potentially of great value in giving insight into the me- 
chanics of particular displacements. 

The development of such a method has long been the 
goal of research in the application of numerical an- 
alysis to petroleum reservoir engineering. The most 
complete treatment of the displacement process pub- 
lished to date is that of Douglas, Blair, and Wagner,’ 
which, however, was limited to flow in a single dimen- 
sion. 

The method presented in the present work is based 
on the numerical solution of a finite difference analogue 
of the multi-dimensional differential system describing 
the displacement process. Although current work has 
considered only displacement of oil by water from 
water-wet sands, the differential system for other im- 
miscible displacements, such as gas displacing oil with 
which it is in phase equilibrium, is quite similar. It 
should therefore be expected that the technique de- 
scribed will be applicable to displacement by gas as well. 


DESCRIPTION OF THE PHYSICAL PROBLEM 

The description of the simultaneous flow of fluids 
through porous media in terms of relative permeability 
and capillary pressure has been adequately discussed in 
the literature and standard textbooks. See, for example, 
Muskat, Chapter VII.” 


References given at end of paper. 
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The saturation and flow distributions occurring dur- 
ing the flooding of a non-homogeneous formation are 
highly complex because of the interrelation of gravi- 
tational, capillary, and viscous pressure gradients. The 
extent of the complexity of this interrelation can be 
visualized in considering a specific example, the fa- 
miliar process of water flooding. Water is injected at 
a well into a zone containing primarily oil. Around the 
well a watered-out zone quickly develops from which 
most of the mobile oil has been displaced. Farther 
from the well the water saturation decreases through a 
transition zone in which both water and oil are signi- 
ficantly mobile and which is often referred to as a 
“front”. The thickness or sharpness of the front is dom- 
inated largely by the flow rate and the relative mobili- 
ties of the water and oil in this zone. As the front 
moves, gravity tends to cause it to slump, i.e., for water 
to under-run the oil. As this occurs, capillary forces 
tend to cause the front to smear vertically by pulling 
water up into the oil-rich zone. Further, as the front 
tends to by-pass oil in tighter sections, capillary forces 
tend to equalize the rate of advance by imbibition of 
water and expulsion of oil in by-passed regions. 

The pattern of water and oil velocities, which con- 
trols the gross movement of the front, depends on the 
dip of the reservoir, the location within the reservoir of 
the injection and producing wells, the rate of injection 
and production at each, the relative mobilities and den- 
sities of the fluids in the oil and water zones, as well 
as the thickness, position and effective mobility of the 
front. Thus, the outcome of the flood is related in a 
very complicated way to the specific well locations and 
production rates, the reservoir geometry, and the rock 
and fluid properties. 

It is to be expected that only a calculation procedure 
which includes an adequate quantitative description of 
all the factors discussed in the preceding paragraph can 
be successful in completely predicting reservoir per- 
formance. 


THE DIFFERENTIAL SYSTEM 


THE DIFFERENTIAL EQUATIONS 


Suppose x, y, z to be a Cartesian coordinate system, 
and define h(x,y,z) to be the height of a point above a 
horizontal reference plane. It will be assumed that at 
any point in the sand, the flow of oil per unit area across 


the direction of flow can be represented by a vector u, 
which is given by 


Us 
aro 
The operator, V, implies i —— + j,——+k 
Ox oy 


i, j, and k are unit vectors in the x, y, and z direc- 
tions, respectively; k is the local permeability, k,,, 
the relative permeability to oil, u, the oil viscosity, p, 
the pressure in the oil phase, p, the oil density, and g 
the acceleration of gravity. Similarly, 

> 

Wee (VP wo + pugVh). 

A substitution that makes both these expressions more 

convenient is obtained by defining oil and water poten- 
tials as follows: 
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= Pw + Pu Bh. 
Since the fluid densities are assumed constant, the vec- 
tors become 


u, = —k 


By continuity, the negative divergence of each flow 
vector of Eqs. la and b is the rate of accumulation of 
the corresponding fluid, 


as 
= V-(k ——v®,) . (2a) 
and 
ot 


where ¢ is the local porosity, and S, and S,, are, re- 
spectively, the oil and water saturations It will be as- 
sumed that 


The operation V - (kKV®,) means 


26, \ 2®, 
Ox oy 0z 


Ox ey OZ 
The oil and water phase pressures at a point in the 
sand differ by the capillary pressure, 
Pe = Do Pw 
which is defined to depend on the local saturation and 
on the direction of change (whether increasing or de- 
creasing) of the saturation. It will be assumed that for 
a displacement situation the water saturation will every- 
where be increasing; thus, capillary pressure data taken 
under imbibition conditions will uniquely describe the 
relationship between p, and S,. Since §, +S, = 1, 
only one saturation need be defined. If S=S,,., then 
0S, Ch) 


at ot 


oS 
and S$ are uniquely related, op oan be written 


oS dS 

dps ot 
where S’ is the derivative of S with respect to p.. The 
difference p. can be written as ®, — ®, + Apgh, where 


Op. 
Ap = (pw — po). Thus, s° becomes 


9’ od, d®,, 
since (Apgh) = 0. 
Eqs. 2a-and b become 


kyo 
| = — 5’ 
( Ho ) ( ot ot ) 


and 


ob ad 


These equations form a simultaneous set of second- 
order, non-linear partial differential equations in the de- 
pendent variables ©, and . 


BOUNDARY CONDITIONS 


The boundary conditions are those statements which 
define the limits of the connected region and the posi- 
tion and magnitude of the imposed flows or pressures. 
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At the extremity of a permeable sand, the permeability 
vanishes and no transverse flow occurs. A statement of 
this condition is simply u,, = 0 for all fluids, where u,» 
is the component of the flow vector in the direction 
perpendicular to the confining boundary. Since u,, = 


k, 
= (V®),., where (V®),, is the component of the 


potential gradient at the boundary in the perpendicular 
direction, a sufficient condition for both fluids is 
= 0. 

At an injection well water enters the sand by cross- 
ing the surface of the perforations or other surfaces of 
the wellbore. Let this surface be defined by s(x,y,z) 
= 0. Since the water potential should be continuous at 
this surface, and since the resistance to flow in the sand 
should be relatively great compared with that in the 
open bore contained by s, then the water potential with- 
in the wellbore and thus on s, ®,,(x,y,z), should depend 
only on time, and its value should be that necessary to 
yield the specified injection rate. Since the oil flow is 
zero on S, k,, (V®,),,; = 0, where (V®,),,, is the com- 
ponent of the oil gradient normal to s. 


At a producing well, conditions are more complex. 
Experimental evidence**” suggests that at a point on the 
surface of the wellbore only oil, but no water, will flow 
normal to the surface until the oil saturation has been 
reduced to a critical value sometimes referred to as the 
residual oil saturation. This phenomenon is referred to 
as the end effect. This saturation appears to coincide 
with that at which the imbibition capillary pressure and 
the oil permeability approach zero. Before the satura- 
tion corresponding to residual oil is reached, the oil 
phase is continuous and, thus, the value of ®,(x, y, z) 
on s should be the same as in the wellbore. This 
value, depending only on time, is that required to main- 
tain the total specified production rate. Since no water 
is flowing, (V®,,),, = 0. 

After the oil saturation is reduced to the residual 
value, i.e., after the occurrence of water breakthrough, 
p, on s becomes zero, and the value of the potential 
difference in the sand thus becomes ®, — ®,, = — Apgh. 
The potential of the water, the continuous phase, 
assumes the same value as its value in the wellbore, 
which depends on conditions there. In the wellbore this 
can be expressed a Dw = Durer — Pave gh, Where pave 1S 
the average density of the produced water-oil mixture, 
and p,.,,, is a time-dependent reference pressure that is 
required to yield the specified total production rate. 
Then 18. Telated 10 DY De = 
= 

As a practical matter this change in boundary condi- 
tions at the time of water breakthrough is of little im- 
portance at the surface of the perforations of a pro- 
ducing well. There, the velocities are so high and water 
contained in the build-up of saturation at the borehole 
surface is such a small fraction of the reservoir fluids 
that this end effect is negligible in influencing the ratio 
of the fluids produced. It is mentioned here only be- 
cause in laboratory experiments it is often important, 
and for many models it must be included in describing 
conditions at the outflow boundary. 


SOLUTION OF THE PROBLEM 


DIFFERENCE EQUATIONS 


It is necessary to define a system of difference equa- 
tions analogous to Eqs. 3a and b. In applying difference 
techniques the continuum of space and time is divided 
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into discrete intervals and values of the dependent var- 
iables are considered only at a finite set of points. Thus, 
the space coordinates for the difference system will be 
defined only at the points (x,,y,,z,), where x, = iAx, 
y; = jAy, z, = kAz, and time is defined only at the dis- 
crete values given byt, = 
m= 0 
intervals Ax, Ay, and Az as well as the sequence Af, 
are arbitrary and are chosen sufficiently small to limit 
the truncation error, that is, the error associated with 
the replacement of derivatives by difference quotients. 
The notation Will mean A dif- 


ference approximation of the differential equations, in- 
volving only the values of the dependent variables at 
the lattice points (x;,y;,Z:,t,) is to be made in such a 
way that algebraic equations, solvable by operations of 
arithmetic, can be used to calculate values of these var- 
iables for all defined values of i, j, k for all time levels. 


The difference approach in solving differential equa- 
tions is to define approximations to the distance and 
time derivatives in terms of differences. These differ- 
ences must form alebraic statements that allow use of 
known values of the dependent variables at a time level 
n to evaluate the as yet unknown values of the depen- 
dent variables at time level n + 1. Repeated applica- 
tion of the approximations permit proceeding forward 
in time. Much work® with equations of this class has 
shown that to achieve computational stability for arbi- 
trary choices of Ax, Ay, Az, and At, the second-order 
distance derivatives must be approximated at least in 
part in terms of the unknown values at time f¢,,,. Thus 
for these equations the the following approximations 
are suggested at point (x, .y).z,) for use in proceeding 


At,,, where the space 


1 | 

-{- A, (k i,j,k 

1 

+ A.(k 
J 
(4) 


The notation A,(k k,.,Az Means 


1 


relative permeability corresponding to the uniquely 
related variable p., ,,, given by 


t,J, 


= + Apghi,;,x - 


==) 
Pox i,j, k,n 


For simplicity of writing, the right-hand side of Eq. 4 


1 
will henceforth be abbreviated as — Atk 
[Mo 
A straightforward approximation for the right-hand 
side of Eq. 3 at point (x,,y).z.) in going from ft, tO tne 


1S 


At 
n 


Il 


km 


w 
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Thus the complete system of difference approximations 
to Eq. 3 is 


1 
and 
1 


CONVERGENCE OF THE DIFFERENCE SYSTEM (Ea. 5) 


Together with numerical approximations to the boun- 
dary conditions discussed in the previous section, the 
difference system (Eq. 5) can be used to advance a dis- 
tribution of &, and ®, known at time f, to time f,.,. 
This process involves nothing more than the solution of 
the set of linear simultaneous equations denoted by Eq. 
5. Thus, an initia] distribution ©, . Dae can be 


i,j,k,0 

advanced in time to any level ¢t, by an n-fold applica- 
tion of Eq. 5. A proper question to be raised is whether 
the solution ©, adequately approximates 


i,j,k yn 
the solution of the differential system, Eqs. 3a and b. 
Much work has been done to analyze the convergence 
of solutions of difference equations to the solution of 
differential equations.” Analysis’ of the convergence of 
the solution of Eqs. 5a and b to that of Eqs. 3a and b 
is possible if Eqs. 3a and b are simplified by consider- 
ing the operator V-kV® only as kV’®, and dropping 
the first order product, Vk: V. As pointed out in 
the reference, it is commonly accepted that lower- 
order terms in a differential operator do not affect the 
convergence of the difference analog. The analysis 
demonstrates convergence, and hence encourages the 
testing of the validity of Eqs. 5a and b by comparison 
of computed results with data from laboratory experi- 
ments. This comparison will be discussed in a later sec- 
tion. 


ALTERNATE FORM OF DIFFERENCE EQUATION 


The system (Eqs. 5a and b) is a somewhat complex 
set of simultaneous equations in the double set of un- 
knowns ®, and ®,. At every time step two unknowns 
enter for each point, (x;,,y,,z,).For reasonably detailed 
space definition the points may number several thou- 
sand. Elimination of one of the double unknowns from 
solutions, Eq. 5a or b, would result in a system in which 
two sets of equations, each in only half as many un- 
knowns, would be treated. This would yield a significant- 
ly smaller requirement for total work. A possibility for 
doing this derives from adding and subtracting Eqs. 3a 
and 3b and defining two new dependent variables 


R=%(®,—4,) , 


and two new functions 


kos 
[ho 


to give 

and 

4¢S’ = (6b) 
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where S’(p.) has the same meaning as before, and p. 
is now related to R by 


pe = 2R + Apgh. 


One choice for a difference form of Eqs. 6a and b 
might be , 


At, 


The use of Eq. 7a to solve for unknowns P,,.,, then 
the separate use of Eq. 7b, using the P,., from Eq. 7a, 
to find the set R,., in a “leap frog” fashion permits 
solution of two sets of equations of significantly easier 
form than Eqs. 5a and b and will result in a work 
reduction of about a factor of four. This formulation 
was actually used to shorten computing time for the 
second example treated in a following section. Unfor- 
tunately, as is pointed out in remarks following Eq. 
10b, this method is inadequate for certain boundary 
conditions. 


COMPARISON OF RESULTS WITH 
EXPERIMENTAL DATA 


To test the validity of numerical solutions to Eqs. 
5 or 7 it is necessary to have displacement data taken 
under conditions in which the multi-dimensional char- 
acter of the flow is important, and for which the relative 
permeability and capillary pressure functions of satura- 
tion were independently recorded. Two such sets of 
experiments were chosen representing widely differing 
physical cases. Though neither includes gravitational 
effects, it is believed that because of the form in which 
gravity enters, no difficulty would arise from its con- 
sideration. 


THE STRATIFIED MODEL 


In 1956 Richardson and Perkins* reported laboratory 
experiments with models scaled to typical reservoir 
prototypes to measure the dependence on rate of water 
flooding oil from stratified sands. The point of the 
experiments was in part to determine to what extent 
capillary forces are effective in producing a uniform 
advance of water in an end-to-end flood of two strata 
of significantly different permeability in capillary con- 
tact. The experiments showed that while water tends to 
flood oil faster from the more permeable layer, capillary 
forces produce a cross flow, i.e., the imbibition of water 
into the tight sand accompanied by a simultaneous dis- 
placement of oil from it. 


The model constructed to study the process was 
a 6 ft <6 in. X % in. channel in Lucite, packed with 
two 3-in, ribbons of sand, one of about 3, the other of 
about 21 darcies permeability. The %-in. dimension 
was oriented vertically. The water-wet sand was flooded 
with water, which was then displaced with a dyed oil 
to a low initial water saturation. Floods of the model 
prepared in this way were run at different rates. The 
breakthrough time and the water and oil production 
thereafter were reported. Color photographs at several 
stages of the flood were taken. Although these were not 
published, sketches from them of the observed config- 
uration of the front at breakthrough were included. 
In an independent experiment with the type of sand 
used to pack the model, the relative permeability and 
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imbibition capillary pressure functions of saturation 
were measured. Although these were not included in 
the publication, the authors helpfully supplied the data 
available, which were relative permeabilities as a func- 
tion of water saturation for a separate sample of a 
similar 3-darcy sand, and imbibition capillary pressure 
measurements on a different sample of another but also 
similar, 3.5-darcy unconsolidated sand. These data are 
shown in Figs. 5 and 6. 

It was assumed that relative permeabilities, as func- 
tions of saturation, would be the same for both sands. 
It was also assumed that capillary pressure for each 
saturation would be inversely proportional to the square 
root of permeability, in accordance with the Leverett 
J-function correlation of capillary pressure for various 
unconsolidated sands.' 


FORMULATION OF THE DIFFERENCE SYSTEM 


The experiment with which the calculation is to be 
compared was run under conditions to minimize the 
importance of flow in the vertical direction. It might be 
expected that no significant variation in saturation could 
develop in the %-in. dimension because of the dominant 
influence of capillary forces acting over such a short 
distance. Hence, it was felt adequate to treat this prob- 
lem as two-dimensional, in which the derivatives with 
respect to z would be taken to be zero. Therefore, in the 
equations following, z-derivatives will be dropped and 
indexing in k will be suppressed. The model was 
oriented with the x-direction chosen along its length 
y across its width. 

Initial Conditions. From the measured initial connate 
water of around 20 per cent, the distribution of ®, and 
®,, Which satisfies the condition of initial capillary 
equilibrium was determined. For this case, where gravity 
is not considered (fh is taken to be zero), this is simply 
a matter of finding the capillary pressure at which the 
saturations in the two sands will average the observed 
20 per cent. These corresponded approximately to S,, = 
13 per cent in the 21-darcy, S,, = 27 per cent in the 
3-darcy sand. 


Boundary Conditions. At the boundaries y = 0, y = 
y, = 6in., the condition is simply that 


oy oy 
This may be accomplished most simply by a reflection 
condition that defines a ©, _, = ®,, and = 
for both potentials. This is tantamount to visualizing 
that infinitely many units like this are operating side- 
by-side, and by symmetry no flow occurs across y = 0, 
and y = y,. Thus at the y-boundaries, j = 0, j = s, with 
these newly defined values for potential at 7 = — 1,j = 
s + 1, the difference Eqs. 5a and b may be written; this 
formulation will impose the no-flow condition while 
allowing for changes in potentials (and, hence, satura- 
tions) at the boundary. 


At the inflow face, x = 0, (i = 0) the water poten- 
tial ©,,,,,, is to be defined as a function of time, 
its value being subjected to a correction at each time 
step of the calculation to maintain the desired injection 
rate. The exact formulation of this correction is more 
conveniently discussed in the section on material bal- 
ance and will be deferred until then. The oil condition 
is one of no flow in the x-direction at x = 0. This is 
imposed also by a reflection condition in which it is 
visualized that the experiment consists of two such 


models in capillary contact at the inflow ends, fluid in 
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one flowing toward positive x, in the other toward 
negative x. This condition is fixed by setting ®,_,, = 
®,,, Therefore, the difference equations at the points 
(x..¥;) are made up of a modification of Eq. Sa in 
which ©®,,,,,,, is taken at the constant value corre- 
sponding to that specified by the procedure for main- 
taining the injection rate, and the values of ®,_, , speci- 
fied in Eq. 5b are taken equal to ® 


At x =x,, 72in., the outflow end, two conditions 
must be permitted. Before water breakthrough at a 
point, the oil potential is continuous and may be set 
arbitrarily at any constant value—say zero—for this 
only serves to fix the pressure level at which the flood 
takes place. The water flow in the x-direction must be set 
to zero until the oil saturation has been reduced to the 
residual value, This may be accomplished by modifying 
Eqs. 5a and b at the points (x,,y;). If t,, is a time before 
the time of breakthrough at point (x,,y), let = 0 

J 


and reflect the model about x, by setting ® | - 


r+1,j, 


aD) . After breakthrough, water and oil flow simul- 


w r-1,j,b. 
J 
taneously; p. remains zero, so that ©, 
Apgh,,j = 0, where 1,, is any time after breakthrough at 
point (x,,y,;). After breakthrough, water is continuous from 
the sand to the header of the model. Therefore, p 


is the same in the sand as in the header and may be 

defined as any reference pressure (say zero) minus the 

hydrostatic head of the fluids flowing in the header. 

Therefore Puc, Pave gh,,,, and the related poten- 


tial will then be Since h,,; is 


constant and was taken as zero, both the water and oil 
potentials are simply taken to be zero after break- 
through. 


SOLUTION OF EQUATIONS 


The system of Eqs. 5a and b along with the boundary 
conditions form a set of linear simultaneous equations 
of a particular form for which relatively efficient itera- 
tive techniques have been developed. The iterative scheme 
actually employed is described by Douglas,’ and is pre- 
sented in Appendix B. 

Some experience with the calculations showed it to 
be desirable to make a slight modification in the basic 
Eqs. 5a and b. This was to reduce the time truncation 
error. Eqs. 5a and b were rewritten, replacing S’;,j,n vy 

— + 


Inasmuch as the values of ®;,;,,,, are not known at the 
beginning of the iteration, the computation of S’;,;,n41/2 
is simply included in the iteration. 


= 
i, j,n+1/2 


MATERIAL BALANCE 

Each member of the system of difference Eqs. 5 with 
the foregoing modification is consistent with the conser- 
vation of matter, Thus, in the solution as a whole the 
total amount of both water and oil should be conserved. 
It is advantageous during the course of calculations to 
keep a running check of this to detect machine or other 
errors, should they occur, since the total material bal- 
ance represents an independent check of the accuracy 
with which the difference equations are being solved. 

This is done simply by computing the total of what 
goes in, what comes out, and how much change 
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occurred in what was there. The average rate of water 
input per unit thickness for each point on the input 
boundary for time step Af, is 


It should be remarked that the expression for 
24 wo,jn/SxAy is the difference between the right- and 
left-hand sides of Eq. Sb. It will be recalled that the 
water potential was specified at the points (%,y,;) so 
that 5b was not solved at these points. The tactor of 
two arises from the reflection condition. The total water 
input per unit thickness for time step Af, is 


The oil input at the inflow face is zero. 


The water output from the outflow boundary (x = x,) 
during the same interval, — q,,(x,),, and the oil output, 
— q.(x,)n, were calculated with similar equations. The 
water contained in the defined region 0<x<x,, 
O<y<y,, is given by 

40 je 


Wa = 


The material balance check is made both differentially 

1 W, Waa 
which should be approximately unity, and on a cumu- 
lative basis by calculating the ratio 


W, W, 
» Which should 


m=0 


also be approximately unity. The fractional error in 
solution of the simultaneous equations for Eq. 5 will 
be indicated by the amount these ratios differ from one. 


by calculating the ratio m, = 


It will be recalled that control of the injection rate 
had to be made on the basis of adjusting the value 
Pio 80 a8 to yield the correct injection rate. This is 
done on the basis of the observed value of g,(x)n. 
Suppose Q,,, is the injection rate to be maintained 
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during the interval, Af,,,, then the adjusted value of 


~ is given as follows: 


WO,jn+1 


?,, 0,j.n+1 ?, 0,j.n + 20 
n+1 


The “2” in the denominator was used to insure smooth- 
ness. 
RESULTS OF CALCULATIONS 

A computer run was made for the conditions corre- 
sponding to the higher of the rates reported in the 
reference.’ The data used are given in Appendix A. The 
source of the data was indicated in the previous section. 
Twenty x-increments and 11 y-increments were used. At 
the start, 10 time steps of 10 seconds each were taken; 
then 11 steps of 20 seconds were taken; thereafter, 
30-second steps were maintained to a total elapsed time 
of 3,560 seconds, For the entire calculation the cumu- 
lative material balance ratio, m,., varied between 0.997 
and 1.000. 


SATURATION AND VELOCITY DISTRIBUTIONS 


The comparison between the observed and calculated 
saturations can be seen qualitatively from Figs. 1 and 2. 


Fig. 1 is a reproduction of one of the photographs 
taken by reflected light during the model displacement. 
It details the transition from high to low water satura- 
tion. This picture of the part of the model from 24 in. 
from the inflow face to 41 in. from the inflow face 
was taken at about one-half of the breakthrough time. 
Flow is from left to right, the more permeable sand 
being at the top of the picture. The dark color of the 
dyed oil shows where the oil saturation is high. The 
deeper color to the right of the front in the more 
permeable sand, compared to that in the less permeable 
sand, is a consequence both of the fact that the initial 
oil saturation in the 21-darcy sand was higher than that 
in the 3-darcy sand, and further, the coarser grain size 
of the 21-darcy sand allows a thicker drop of dyed 
oil to be seen, and hence adds to the depth of its color. 

Fig. 2 shows, for a slightly greater length along the 
model, the computed water saturation contours outlined 
by gray overlays so that the appearance is similar to 
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the photograph. The shape and position of the front 
in the coarse sand, as shown in Fig. 1, and of the 
region of high saturation gradient for this sand, as seen 
in Fig. 2, are strikingly similar. In the tighter sand no 
sharp transition zOne appears in the photograph. The 
saturation contours for the corresponding region show 
the transition in this sand to be quite gradual. On the 
original transparency a smooth shading can be detected 
which is consistent with the shape of the computed 
contours. It is also of interest to note that the position 
of the S,, = 0.7 contour in the coarse sand indicates the 
movement of oil across the juncture from the tight 
sand. An indication of this slight oil enrichment just 
across the juncture is also visible on the photograph. 
These qualitative similarities between the data and 
results of the calculations are evidence that the calcu- 
lation procedure is qualitatively correct. 


Quantitative information can readily be made avail- 
able which is not practically obtainable from the model. 
An example of such information is illustrated in Fig. 
2 on which have been plotted a set of lines which indi- 
cate the direction and magnitude of the flows of oil and 
water, individually. The solid lines depict oil flow; the 
dashed lines depict water flow. The length of each line 


represents the magnitude of the vector, u, and is pro- 
portional to the flow rate of that fluid in volumes per 
unit area at the point indicated by the left end of the 
line. The direction of the line indicates the direction of 
the flow of the particular fluid at that point. It is clear 
that near the front in the coarse sand all the water veloci- 
ties have quite large components in the direction of the 
tight sand, and that correspondingly all the oil vectors 
have significant components toward the coarse sand. 
This is true even ahead of the front, and undoubtedly 
this flow of oil from the tight sand ahead of the front 
contributes in a large measure to the high recovery 
from this sand. 


OIL RECOVERY 


A more quantitative comparison of the accuracy of 
the calculation is obtained from the measured and cal- 
culated oil recoveries at different stages of the injection 
process This comparison is shown in Fig. 3. The pro- 
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duced oil is plotted versus the water injected, both 
expressed in pore volumes of the sand within the model. 
The result is the smooth curve; the corresponding 
experimental data are shown as points. Agreement 
between the measured and computed recoveries at 
breakthrough is excellent, these were 0.531 and 0.542 
pore volumes, respectively. Agreement after break- 
through was poor. 


It is not understood why the agreement is good prior 
to breakthrough and poor in the later stage of the proc- 
ess. The quantitative agreement at breakthrough and the 
qualitative similarities of the saturation distribution are 
encouraging. The failure to match the subsequent his- 
tory may result from differences between the sand for 
which the relative permeability and capillary pressure 
data were measured and those used to pack the model, 
from unexpected sensitivity of the flooding process to 
values of permeabilities and capillary pressures at high 
water saturations where the data are not accurately 
known or from truncation errors associated with the 
size of the mesh used. 


While the results are encouraging, final appraisal 
must await further comparisons with the results of 
experiments specifically designed to test the accuracy 
of the computations. 


THE FivE-SpoT MODEL 
The encouraging results with the method for treating 
a problem in which the capillary forces play a sig- 
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nificant role raised the question whether or not the 
technique would treat a situation dominated by viscous 
forces, i.e., one in which capillary effects play a part 
only in a small region at a given time, particularly for 
widely differing fluid viscosities. What was needed was 
a comparison with data from an areal sweep, like a 
five-spot. Unfortunately, there was not available in 
the literature flooding data on water-wet systems, con- 
taining connate water, for which there were also in- 
cluded relative permeability and capillary pressure data 
for the sand. However, Rapoport, Carpenter, and Leas’ 
reported a series of floods of oil-wet sands for which 
such data had been included. Another group at the 
Jersey Production Research Laboratory, Carpenter, 
Dalton and Bobek,” subsequently ran a series of experi- 
ments with water-wet sands. They very helpfully made 
these data available for comparison with computed 
results. 


The physical model was a thin sand pack simulating 
a quadrant of an infinitely repeating five-spot similar to 
that described in the reference.’ The thin dimension 
was oriented vertically. The water-wetted sand was 
initially saturated with water, then flooded with oil to 
a low water saturation. Water was then injected into 
one corner of the pack at a constant rate, and the 
amount of oil and water produced from the diagonally 
opposite corner was measured as a function of time. 
Several experiments were conducted at widely differing 
oil-water viscosity ratios, and the oil produced was 
measured as a function of water injected. 


FORMULATION OF DIFFERENCE EQUATION 


Here again, because of the thinness of the model, 
gravity effects were considered negligible, and it was 
thought that saturation differences between the top and 
bottom of the sand would be essentially negligible be- 
cause of capillary forces. Thus, again h(x,y) was chosen 
to be zero, and derivatives with respect to z and the 
k-indexing are suppressed. The sides of the model were 
oriented parallel to the x- and y-axes, and the width 
and breadth of the model were each divided into 10 
intervals such that r = 10, s = 10. Except at the injec- 
tion point (%,y.) and the production point (x,,y,) ,along 
the boundaries given by (%,y;), (x,,¥;), (xi), and 
(x;,y,), the condition of no transverse flow was imposed, 
again by reflection, by taking ®_,, = ®,,;, ,,,,; = ®,.,,,, 
= and®,,,,. = ®;,,., respectively, for both po- 
tentials. At the injection point a net influx of water 
was imposed by adding a net water input rate, q,,, ap- 
plying in time interval A?,, to the left-hand side of dif- 
ference Eq. 5b to give 


where 4q,.,,,/AxAy is entered because the reflection 
conditions introduce a fourfold symmetry about this 
point. Similarly, at the production point fluids were 
removed by modification of Eqs. 5a and b. Here, because 
velocities will be high as the streamlines converge on 
the production “well”, it was considered unnecessary 
to attempt to formulate the capillary end effect. The 
condition chosen, therefore, was that fluids at that point 
would be removed in the ratio of their mobilities, i.e., 
fii, 


TOr.s,n R 
ne 


i) 


As the fluids are incompressible, q.,., + Gwyn + 
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Qwo,on = 9, Where flow into the model is taken to be 
positive. These relationships imply 


R, 
and 
q 1 abe R, ( ) 
and Eqs. 5a and b become 
4q. 
AD, 
Ho AxAy 
OS n 
( 

4 w 

AxAy 
DS 


Initially, the saturation (and, thus, 6, and ®,,) dis- 
tributions were taken to be uniform, corresponding to 
the conditions of the experiments. By use of a repre- 
sentation of the k,., k,,, and S relationship correspond- 
ing to those measured for the sands (Figs. 7 and 8), 
the repeated solution of Eqs. 5a and b, subject to the 
conditions of Eqs. 8 and 10, should permit advancing 
in time to compute the flooding history corresponding 
to the experimental runs. However, it should be re- 
called from the discussion of the difference equations 
that a second formulation of Eq. 5, which was given as 
Eq. 7, may lead to reduction in total computing work. 
Although it could not be used in the calculations for the 
Stratified model, Eq. 7 is applicable here. 


It can be shown that Eq. 7 was not applicable in 
the previous calculation because of the boundary con- 
ditions which arise from imposing for one of the fluids 
the same value of the potential simultaneously at a set 
of points, while imposing a gradient condition on the 
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potential of the other fluid. In general, this “mixed” 
type of boundary condition will require the use of 

If Eq. 5 is generalized by allowing for injection or 
production of oil and water at every grid point, a most 
flexible and useful system will result. If then Go.,, and 
Qu; ; are the respective rates of oil and water injection 
(production is negative) at point (x,,y,) during time 
interval Ar,, then Eq. 5 becomes 


ite AxAy At, 

and 

1 

—A(kk,,, A®,, PS ( 


whereupon addition and subtraction yields 


(12a) 
and 
A(N AP + + — 
405’, 
Ap Ri, (12b) 


Thus, if all the q.,;,, and q.,;,, ate known or obtain- 
able from application of relationships like Eq. 9, Eq. 
12 can be used. For the single quadrant of a five-spot, 
the problem at hand, the difference Eqs. 12 are di- 
rectly applicable using the reflection conditions at the 
closed boundaries, the given injection rate q,,,,, and 
Eq. 9 to specify the production rates q, and q. 


SOLUTION OF EQUATIONS 


The solution of Eq. 12 should be contrasted with that 
of Eq. 5 by emphasizing that in this case Eq. 12a is 
solved first for the P variable, which is then used in 
Eq. 12b to solve for the R variable, whereas the differ- 
ence system obtained from Eq. 5 requires simultaneous 
solution of Eqs. 5a and b, and a separate leap frog so- 
lution would be inadequate. It can be shown that if 
a leap frog technique be attempted on Eq. 5 by first 
solving Eq. 5a, assuming say ®, to be taken as the 
unknown variable, ®,,,,, using known values of ®,, at 
the early time, ®,,,, then substituting the ®,, ,, obtained 
from Eq. Sa into Eq. 5b, wherein ®,,,,, is considered 
to be unknown, then the numerical procedure is un- 
stable and values for ®, and ®,, would diverge rapidly 
from the correct solution. 

The iterative scheme employed for the solution of 
Eq. 12 is presented in Appendix B. Again, to reduce 
the time truncation error, S’;;,, in Eq. 12b was re- 
placed by S’;,;,n+3- 


RESULTS OF CALCULATIONS 

With the relative permeability and capillary pressure 
relations given in Appendix A, four computer runs were 
made to simulate displacement experiments for which 
data were available. In these runs, the oil-to-water vis- 
cosity ratios were 0.083, 8.08, 141, and 754, respec- 
tively. Fig. 4 shows a comparison of the computed re- 
sults (shown here as points) with the measured dis- 
placement data in which the oil displaced, expressed in 
sand pore volume, is plotted against the water injected, 
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expressed in the same units. The agreement is consid- 
ered to be quite good. For all the calculations, there 
was computed a cumulative material balance ratio simi- 
lar to the ratio, m,., discussed previously. This ratio 
varied between 0.97 and 1.02. 


U SLO NS 


A numerical method for calculating the multi-dimen- 
sional displacement of oil by water from water-wet rock 
has been proposed. The method permits including the 
effects of relative permeabilities and capillary pressures, 
rock geometry, gravity, and fluid viscosities and densi- 
ties. 


The mathematical analysis customarily performed to 
study the convergence of such numerical techniques 
indicates its validity for achieving solutions to the dif- 
ferential equations describing the displacement process. 


Comparison of the results of calculations made to 
simulate displacements for which data were available 
are encouraging. Excellent agreement with measure- 
ments from areal sweep experiments was obtained for 
a wide range of oil-to-water viscosity ratios. Good agree- 
ment was also obtained between predicted time of water 
breakthrough and that observed in a displacement ex- 
periment with stratified sands, although the agreement 
between computed and measured water-oil ratios after 
breakthrough was poor. This discrepancy demonstrates 
the need for additional experiments designed to reveal 
its source. 
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APPENDIX A 


DATA FOR COMPUTING STRATIFIED MODEL 
CONSTANTS: 


Length = 72 in. = 183 cm 
Width = 6in. = 15.24cm 
Thickness = ¥ in. = 0.953 cm 
Flow Rate = 10cc/min = 0.175 cc/sec/cm 
Viscosity of Oil = 0.017 poise 
Viscosity of Water = 0.009 poise 
Porosity = 0.357 
Permeability-fine 

sand = 3.06 darcies = 3.02 X 10° cm’ 
Permeability-coarse 

sand = 20.6 darcies = 20.35 X 10° cm’ 
Initial Water 

Saturation = 0.198 


FUNCTIONAL DATA 


Relative permeability and saturation were expressed 
as rational functions of capillary pressure: 


| 0.0167 X + 02753] 
0.2 + X* | 0.0135 + (X — 0.2765)? ; 
0.6 
0.85 2X(X — 0.19) 


k Vy 
where Pe Ones 
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For calculating X, p, is expressed in dynes/cm*, k in 
cm’, The corresponding relative permeabilities as func- 
tions of saturations are plotted as smooth curves in Fig. 
5, where they are compared with the measured values. 
Capillary pressure as a function of saturation, evaluated 
for a sand of 3.57 darcies, is plotted in Fig. 6, and is 
there compared with capillary pressures measured on 
that sand. 


DATA FOR COMPUTING FIVE-SPOT MODEL 


CONSTANTS 
Side of Square = 16in. = 40.64 cm 
Thickness = WY in. = 
Porosity = 0.375 
Permeability = 11.1 darcies = 10.96 X 10° cm* 
Test 1 Test 2 Test 3 Test 4 

Viscosity of oil, 

poise 0.0137 0.0928 9.45 
Viscosity of 

water, poise 0.1646 0.0115 0.0115 0.0115 
0.083 8.08 141.0 754.0 
Flow Rate, 

cc/min 10 6 7 1.5 
Initial Water 

Saturation 0.125 0.087 0.087 0.087 


FUNCTIONAL DATA 


described by three tables. The first table consisted of 
values of S,, at 60 equally spaced intervals of p. over 
the range 0 to 6.0 X 10° dynes/cm*. The other two 
tables consisted of values of k,, and k,,, at 82 equally 
spaced intervals of S,, over the range 0.08 to 0.90. 
Linear interpolation between adjacent values in the 
tables was used for intermediate values of the argu- 
ments. The functions are plotted in Figs. 7 and 8. 


APPENDIX B 


SOLUTION OF EQS. 5 OR 11 BY ALTERNATING 
DIRECTION ITERATION 


To solve the system of Eqs. 5 or 11 in two dimen- 
sions, the alternating direction iteration procedure 
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of Peaceman and Rachford” was generalized to treat 
the simultaneous dependent variables ®, and ©®,. The 
iteration procedure used is as follows: 


1 
n+1 ij n4+1 inj 


 (k+14) (k+¥%) 
i,j.n 10 ; i,j,n 


AxAy "i, j,n+1 


1 


At, t,7,n 


AxAy 


i, 


and 


1 

bo 


oS’ 
( j,n+1 Pos isn j,n+1 = 


AxAy ( a) nt ) 


n+1 


n 
(k+¥) 
AxAy i,j,n+1 i,j, nti 
(k 
where k is the iteration number, and ®& 
j,n4+1 
i (0 
are the k" iterates of ®,,,,,, and ®,,,,,,, with ® 


SS H, is an iteration parameter, 


7(0) — 7 
(k) 

and 


VOL. 216, 1959 


(SK Kron) =(K 
+ (k kyw) 


are normalizing factors which are introduced to speed 
up the alternating direction iteration in the presence of 
the non-constant coefficients on the left-hand side of 
Eqs. B1 and B2. 


Use of Eq. B1 leads to a set of simultaneous equa- 
tions at each horizontal row (i.e., in the x-direction); 
similarly, use of Eq. B2 leads to a set of simultaneous 
equations at each vertical row (i.e., in the y -direction). 
These sets of simultaneous equations are of the form 


+ Yosn 


OS IN] 
(3) (4) (3) (4) (3) (4) = (2) 
(B3) 


The algorithm used to solve this bi-tridiagonal system of 
equations is 


3 
| 


po — a? © 
i a i-1 i 4-1 
i i 4-1 i i-1 


(4) 70) __ 72) 
= 
fo 
(3) JO) 
Boas 
y = 
bo 


Back solution: 


@) 
Nes 
Yn — 


(Oy (3) 


It should be noted that the simultaneous equations 
(B1 and B2) are slightly simpler than indicated by 
zero. Use of this fact simplifies the alogrithm somewhat. 


In applying the procedure outlined above to the stra- 
tified model, the iteration parameter, H,, was chosen 
to vary cyclically. At the beginning of each cycle, H, 
= 1; for succeeding iterations in the cycle, H, = 0.22 
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| 
| 


H,.,. By trial and error, six iterations per cycle were 
found to be necessary. In each time step, iteration was 
concluded when 


max k+1) (k) 
and 
max | 
1,] | | < L 


with L chosen at about 30 dynes/cm’*. In the first tew 
time steps, four cycles of six iterations were necessary; 
for most of the subsequent time steps, if At, was chosen 
small enough, one cycle of six iterations was found to 
be sufficient. It was this consideration which chiefly 
dictated the choice of the size of the time steps used. 


SOLUTION OF EQ. 12 BY ALTERNATING 
DIRECTION ITERATION 
Both Eqs. 12a and 12b are of generic form 
where Q;,, is interpreted as P; ;,, in Eq. 12a and as 


R,.;0:: in Eq. 12b. Here, there is only one unknown 
per point, and the alternating direction iteration proce- 
dure used is: 


A. (4.0%) ‘ A, (MA,O” ), a, 


(BS) 
and 
+ (Maar), =a + 
ane + H,(M) = 

(B6) 


Again, H, is the iteration parameter and 


is a normalizing factor introduced to speed up the itera- 
tion. Use of Eq. BS leads to a tridiagonal system of 
equations at each horizontal row; similarly, use of Eq. 
B6 leads to a tridiagonal system of equations at each 
vertical row. The algorithm used for solving the tridi- 
agonal system has been given previously.” wk 
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Simplified Equations of Flow in Gas Drive Reservoirs 
and the Theoretical Foundation of Multiphase 
Pressure Buildup Analyses 


JOHN C. MARTIN 
MEMBER AIME 


ABSTRACT 


Simplified equations are developed for the flow of 
fluids in gas drive reservoirs in which the effects of 
gravity can be neglected. The results show that the 
pressure distribution is governed by a nonlinear heat 
flow type of equation, and the saturation distributions 
are related to the pressure by the same equations as 
those developed by Muskat for the average pressure 
and saturations in gas drive reservoirs. 


Under certain conditions the equation for the pres- 
sure can be approximated by the linear form of the 
heat flow equation. This equation is analogous to the 
equation for the pressure in single-phase compressible 
flow The analysis reveals that the equation for the 
pressure in multiphase flows can be obtained directly 
from the equation for the pressure in single-phase flows 
by simply replacing the single-phase compressibility by 
the total compressibility and the single-phase mobility 
by the sum of the mobilities of all the fluids present. 
Perrine’s method of pressure buildup analysis for mul- 
tiphase flows is based on these same substitutions. Thus, 
the development presented in this paper constitutes a 
theoretical justification for Perrine’s method of pres- 
sure buildup analysis. 


O T LON 


One of the most difficult problems associated with the 
production of oil is the determination of the flow of the 
fluids within the reservoirs. One purpose of this paper is 
to present the development of simplified equations for 
the flow in gas drive reservoirs. The other purpose is to 
present some of the needed theoretical foundation for 
the methods currently being used in the analysis of 
multiphase pressure buildup data. The analysis pre- 
sented in this paper makes use of a partial lineariza- 
tion of the equations governing multiphase flows. It is 
felt that the process of linearizing or partially lineariz- 
ing the nonlinear equations of multiphase flows can 
lead to useful results since this process has proved ex- 
tremely valuable in the study of other fields of science 
and engineering where nonlinear equations are encoun- 


tered. 
Pressure buildup data of shut-in wells have been used 


for many years to estimate the static reservoir pressure. 
These data have also been used in studying the aver- 
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age permeability both away from and close to the well- 
bores. The majority of the buildup data are obtained 
from wells producing two or three fluids. As yet the 
theoretical foundations for the methods of buildup an- 
alysis used in connection with multiphase buildup data 
have not been established. 


A number of methods of analysis of pressure buildup 
data have been developed.** Most of these methods ap- 
ply only to single-phase flows, and almost all of the 
theoretical analysis is confined to single-phase flows. 
Perrine’ developed a method of analysis for multiphase 
flows from the method for single-phase flows of Miller, 
Dyes, and Hutchinson.‘ He did this by simply replacing 
the single-phase compressibility by the multiphase com- 
pressibility and replacing the single-phase mobility by 
the sum of the mobilities of the fluids in the multiphase 
flows. Obviously, such a procedure lacks a certain 
amount of theoretical justification, and such practices 
can lead to erroneous results. Fortunately, Perrine’s re- 
sults have a theoretical justification, and this justifica- 
tion is presented in the following discussion. 


It is assumed that gravitational effects and the com- 
pressibility of the rock can be neglected. Under these 
assumptions the equations governing the simultaneous 
flow of gas, oil and water in porous media are** 


| 
k 
and 
ke 


where Y is a vector operator. 


The preceding equations can be expanded into the 
following expressions. 


1Referencee given at end of paper. 
*See AIME Symbols list in Trans. AIME (1956) 207, 368, for 
definitions of symbols not defined in the text. 
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3) 


k 1 ok, 1 Ok, 
+—.- VP: VS, + —> ae 
d 1 
and 
k 1 1 Chan 
(6) 


Ox” oy” Oz 


In those cases where the pressure and saturation gra- 
dients are small the vector products, VP: VP, VP: VS, 
and VP: YS,, are small compared to the magnitudes of 
VP, VS,, and VS,,. For these cases the terms contain- 
ing the products of the pressure and saturation gradi- 
ents can be neglected for a first approximation, and 
Eqs. 4, 5 and 6 reduce to 


R,k, k, ) 0 


( 


IRE 
(7) 
( Bue 
2 PB 0 
and 
le \\ (9) 


It should be remembered that only the variations of 
P, S, and S,, with distance must be small in order for 
the three preceding equations to be valid. The varia- 
tions of P, S, and S, with time are not assumed to be 
small. 


The elimination of V’P from Eqs. 7, 8 and 9 leads 
to the following system of ordinary differential equa- 
tions, 


and 

dS, 


where the primes denote derivatives with respect to P, 
C, is the total compressibility and \ is the sum of the 
mobilities of the fluids present. Thus, 

Sb’ 


+ + 
B, Be B, 
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Eq. 10 states that the rate of change of the oil satura- 
tion with pressure is equal to the oil saturation, mul- 
tiplied by the negative of the compressibility of the oil, 
plus the ratio of the mobility of the oil phase to the 
total mobility multiplied by the total compressibility. 
Eq. 11 constitutes a similar statement for the water 
phase. Eqs. 10 and 11 can be readily integrated by nu- 
merical or graphical methods. 


Eqs. 10 and 11 are the same relations as those given 
by Muskat" for solution gas drive reservoirs but are in 
a different form. The development presented herein in- 
dicates that the integral of these equations yields rela- 
tions between the saturations and pressure which are 
valid at all points in the reservoir where the saturation 
and pressure gradients are small. In Muskat’s applica- 
tion of these equations, the saturations and the pressure 
represent average values for the reservoir. 


The initial values of saturations and pressure gener- 
ally used in a Muskat analysis of a solution gas drive 
reservoir correspond to the initial reservoir conditions 
before any oil has been produced. In reservoirs in which 
large amounts of fluid migrate from one portion of 
the reservoir to another by gravity segregation, the satu- 
rations and pressure are not related by Eqs. 10 and 11. 
Since in most cases relatively long times are required 
for appreciable amounts of fluid migration due to grav- 
ity to take place, Eqs. 10 and 11 may be expected to 
apply to those phenomena which occur in relatively 
short time periods. The pressure buildup, after the well 
has been closed in, is an example of such a phenomena. 
In applying Eqs. 10 and 11 to short period phenomena, 
the initial pressure and saturations should correspond 
to the reservoir conditions at the beginning of the phe- 
nomena and not to the initial reservoir conditions. 


Combining Eqs. 10 and 11 with any one of the Eqs. 
7, 8 and 9 yields 


(12) 


Eq. 12 is the well known heat flow or diffusion equa- 
tion with the coefficient a function of P. In the deriva- 
tion of Eq. 12 the pressure gradient was assumed to be 
small. The partial derivative of P with respect to time 
was not limited to small values. Thus, the nonlinear 
character of Eq. 12 should have a physical meaning. 
Unfortunately, the difficulties involved in solving Eq. 
12 in its nonlinear form are much greater than where 
it is approximated by linear equations. 


In the analysis of certain phenomena which occur 


t 


over relatively short time periods, the coefficient, a 


in Eq. 12 can be approximated by a constant. In es- 
sence, Perrine’ obtained the linear approximation to 
Eq. 12 intuitively from the equation for the flow of a 
single-phase compressible fluid. The development of Eq. 
12 presented herein supplies a theoretical justification 
for the use of Perrine’s method of multiphase buildup 
analysis. 


It appears that Eq. 12 can be used as a basis, on 
which a number of methods of single-phase buildup 
analysis can be extended to multiphase flows; however, 
the author has not explored these possibilities in any 
detail. Also, it appears that the equations developed 
herein can be applied to problems other than the an- 
alysis of pressure buildup data. In particular, the so- 
lution of Eqs. 10, 11 and 12 which satisfies the proper 
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boundary conditions should yield a first approximation 
to the distribution of the pressure and saturations in 
gas drive reservoirs except, possibly, near the wells. 
Near the wellbores the flow can usually be approxi- 
mated by steady-state relations. 


The equations developed herein contain two serious 
limitations. The assumption that the sands are homo- 
geneous is one, and the assumption that the effects of 
gravity can be neglected is the other. Actually, the de- 
rivation can be modified to allow small variations in the 
permeability without changing the resulting equations. 
The reason for this is that the variations in the per- 
meability only lead to terms which are small and can 
be neglected. The effects of gravity may result in large 
variations in the saturations in the vertical direction. In 
such cases the derivation presented in this paper breaks 
down. It is interesting to note that the results obtained 
by Cook’ indicate the gas saturation is not critical in 
determining the reservoir pressure. 


CONCLUSIONS 


1. The pressure distribution in a homogeneous gas 
drive reservoir in which the effects of gravity can be 
neglected is determined by the heat flow equation. 


2. For homogeneous gas drive reservoirs in which the 
effects of gravity can be neglected, the distribution of 


VOL. 216, 1959 


the saturation is related to the pressure by the same 
differential equations as those given by Muskat’ for the 
average pressure and saturations in a gas drive reser- 
voir. 


3. The Muskat solution gas drive analysis is more 
general than is implied by the derivation given by 
Muskat® which is based on a tank-type model. 


4. Perrine’s method of multiphase pressure buildup 
analysis has a firm theoretical foundation. 
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Reservoir Heating by Hot: Fluid Injection 
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MEMBERS AIME 


The injection of heat-bearing fluids may offer a wider 
application to secondary and tertiary recovery from 
conventional oil reservoirs than underground combus- 
tion since the process is more easily controlled and the 
reservoir requirements, in general, are less critical. In 
all cases, conduction heat losses to overburden and un- 
derburden will impose an economic limit upon the size 
of the area which can be swept out from any one in- 
jection point for any given set of conditions. 

The present report describes a method for estimating 
thermal invasion rates, cumulative heated area, and the- 
oretical economic limits for sustained hot-fluid injection 
at a constant rate into an idealized reservoir. Full allow- 
ance is made for non-productive reservoir heat losses. 

Required solutions can be obtained directly from the 
numerical tables given here, as soon as all operating 
conditions are specified, without extensive mathematical 
manipulation on the part of the user. 


UN. 


The injection of a heat-bearing fluid into a reser- 
voir is frequently proposed as a means of secondary 
or tertiary oil production. This form of thermal recov- 
ery may offer a wider application to conventional oil 
reservoirs than underground combustion since the pro- 
cess is more easily controlled and the reservoir require- 
ments, in general, are less critical. Because of its large 
gross heat capacity, steam appears to be the most effi- 
cient heat injection medium, although mixtures of steam 
and other gases, hot water, hot oil and hot non-con- 
densable gases also have been employed. 

Whatever the nature of the injection medium, eco- 
nomic evaluation of such thermal recovery processes 
will depend upon thermal invasion rates, or rates of 
productive reservoir heating, at any given time after 
the start of heat injection. In all cases, conduction heat 
losses to overburden and underburden will impose an 
economic limit upon the size of the area which can be 
swept out from any one injection point, for a given set 
of reservoir conditions, at any given heat injection rate. 

The present report describes a method for estimating 
thermal invasion rates, cumulative heated area and the- 
oretical economic limits for sustained heat injection at 
a constant rate into an idealized reservoir, making full 
allowance for non-productive reservoir heat losses. Re- 
quired solutions can be obtained directly from the nu- 


1References given at end of paper. 
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merical tables given here, as soon as all operating con- 
ditions are specified, without extensive mathematical 
manipulation. 

It should be noted that ordinary water flooding may 
be used to move an annular-heated zone outward, even 
though the economic areal limit for straight heat injec- 
tion has been reached. Thus well spacing need not be 
confined to the areal limits as determined here. How- 
ever, the present calculations do not cover such sup- 
plementary heat scavenging programs. 


MATHEMATICAL DEVELOPMENT 


The operating element consists of a radial flow sys- 
tem, concentric about the point of injection, with the 
idealized step function temperature profile illustrated by 
the dashed line in Fig. 1. The solid curve shown in 
Fig. 1 gives a qualitative picture of the true radial tem- 
perature distribution. 

It will be shown later that the expressions given be- 
low, which are derived from the simplifying step ideali- 
zation (dashed line in Fig. 1), also can be interpreted 
in terms of the more realistic temperature distribution 
shown in Fig. 2. For this case, the thermal invasion 
radius is simply redefined as the distance from injection 
well to the mid-point of the temperature distribution. 


TEMPERATURE 


RADIAL DISTANCE FROM INJECTION WELL —om 


L 


Fic. 1—Tue Sorin Line SHows Quatitative True TEMPERA- 
TURE DistriBUTION WHILE THE DAsHep Line REPRESENTS THE 
Step APPROXIMATION. 
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EFFECTIVE RADIUS 


— 


TEMPERATURE 


ALTERNATIVE INTERPRETATION OF THE RapIus 
oF THE HeatTep ZONE. 


Fie. 2— 


The maximum practical heat injection rate (H,) 
which can be sustained over the life of the project must 
be evaluated by supplementary reservoir calculations 
or, preferably, by field pilot tests. Use of the adjective 
practical in connection with H, infers that its value may 
be limited either by the injection capacity of the reser- 
voir or by capital investment limitations on the size of 
the heating plant. 

For a constant heat injection rate H,, a direct heat 
balance yields 


t 
— r)}\ aa dt 


(1) 
where the first ‘term | on ‘the right represents the non- 
productive heat flux lost to the overburden and under- 
burden, and the second term describes the productive 
heat flow into the pay zone. 

Eq. 1 is analogous to the equation describing fluid 
flow into a growing fracture bounded by permeable sur- 
faces. R. D. Carter’ has shown that the integrated so- 
lution for the fracture case can be obtained by use of 
the Laplace transformation. Following his procedure 
and solving for the heated area A(t), at any time ¢ 
there results: 

H,MhD 


From this it follow: 


dA H 2 
dt 
For the convenience of the user, tabulated values of 
2 2 2 
e° erfc x and (« erfc x = ') (cs) 
Var 


are given in the Appendix for the full range of x values 
likely to be of practical interest. As soon as x and the 
physical properties of the operating system have been 
determined, as described below, both A(t) and (dA/dt) 
can be evaluated by direct substitution of the appropri- 
ate values from the Appendix into Eqs. 2 and 3. 
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The symbols used in the previous equations have the 
definitions and dimensions given as follows. 


2K 
x= (dimensionless) . . (5) 
= {(1 p) pC, ae 


cumulative heated area at time t Ka 

overburden thermal conductivity (Btu/ft-hr-° F) 

overburden thermal diffusivity (ft’/hr) 

pay thickness (ft) 

constant heat injection rate (Btu/hr) 

Ik == 

injection temperature (°F) 

initial formation temperature (°F) 

formation porosity fraction (dimensionless ) 

rock grain density (lb/ft*) 

water density (lb/ft*) 

oil density (lb/ft) 

dry rock specific heat (Btu/lb — °F) 

water specific heat (Btu/lb — °F) 

oil specific heat (Btu/lb — °F) 

initial reservoir water and oil saturations (di- 
mensionless ) 

t = time since start of heat injection (hours) 


Ce 
C, 
Sine 


The notation, erfc x, employed in Eqs. 2 and 3, has 
the following meaning: 
6) 


=1- et dB 
(7) 


Here the second integral on the right is the well known 
error function, erf x. This definition is included for 
the sake of general information. Since the values of all 
terms involving erfc x are tabulated in the Appendix, 
there is no need for the reader to make an independent 
evaluation of this integral. 


erfox = 


The expressions derived up to this point, on the basis 
of the highly idealized temperature step function dashed 
curve of Fig. 1, can be interpreted in terms of the tem- 
perature distribution shown in Fig. 2. By considering a 
simple heat balance for the productive heat flux into the 
pay zone, it follows from Eq. 3 that 


dA 
MhAT = = (e” ‘erfic x) = 
(8) 
where r is the distance from injection well to the mid- 
point of the temperature distribution and dT/dr is 
the temperature gradient at that point. 


These considerations yield 
aT H,(e* erfc x) 
dr 2arhK 


from which the still idealized but somewhat more real- 
istic profile of Fig. 2 can be constructed. 


(9) 


OIL DISPLACEMENT RATES 


Using the values of dA/dt obtained from Eq. 3, to- 
gether with suitable unit conversion factors, it follows 
that the oil displacement rate for the idealized reservoir 
is given by 


Ie erfc x) 
(10) 
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where V, = stock tank oil displacement rate in barrels/ 
day and S,, = irreducible stock tank oil residual satura- 
tion. 

Displaced oil, as the term is used here, is not the 
same as produced oil. Although between 80 and 100 
per cent of the displaced oil should ultimately be pro- 
duced from standard well patterns, there will be a time 
lag between displacement and production. Failure to 
make adequate allowance for this feature caused many 
of the earlier field tests to be terminated prematurely. 


In this respect it should be pointed out that thermal 
drive, such as steam injection, corresponds to flooding 
wih a very high viscosity fluid. Flooding of this kind 
should result in excellent areal sweep efficiency if con- 
tinued long enough to cover a given well pattern. 


Overburden and underburden heat losses will in all 
cases impose a practical limit on the area which can 
be “swept out”, or heated, from any one injection point 
for any given combination of heat injection rates and 
reservoir parameters. Continued heat injection beyond 
this point imposes an economic liability upon the oper- 
ation. However, as noted previously, this limiting area 
need not be interpreted as a limitation on the well 
spacing itself, since additional oil recovery may be real- 
ized by moving the residual heat bank out over larger 
areas by subsequent cold water injection. This type of 
follow-up, or heat scavenging, is not treated in the pres- 
ent report. 


The theoretical economic limit for sustained heat in- 
jection is reached when the net value of the oil dis- 
placed per unit time is just equal to the cost of the heat 
injected per unit time. For the reservoir approximations 
on which the present calculations are based, the limiting 
condition is given by the expression 


(e erfc = (5.618 S< 


(iT) 


where [e’ erfc x], = practical limit of e” erfc x; $, = 
unit energy cost, in dollars/million Btu; and $, = net 
unit value of oil in dollars/bbl. The numerical coeffi- 
cient in Eq. 11 is a dimensional conversion factor which 
renders the right hand member dimensionless. 

For any precise application of Eq. 11, $, and $, 
would be determined by engineering cost analysis, ¢ 
and S, by prior reservoir evaluation (such as core an- 
alysis) and S,, by laboratory tests or post mortem cor- 
ing of field pilot tests. In all cases, H, must first be es- 
timated from supplementary engineering calculations or 
pilot field tests, as described earlier. 


Once the necessary parameters have been evaluated, 


the limiting value of e” erfc x is directly determined by 
Eq. 11. The value of x corresponding to this limiting 
condition is obtained by reference to the Appendix. 


When this value of x and of e’ erfc x is inserted into 
Eq. 2, the practical limiting area is established. 


PROBLEM 


; Five thousand Ib/hr of saturated steam are to be con- 
tinuously injected from a single well, at 500 psig, into 
an oil sand under the following conditions: 
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Formation = 0.25 


Initial water saturation... 0-20 

Initialioi satiuratio — 060 

Irreducible oil 

Initial formation temperature T, = 80°F 

Saturated steam temperature _____- T, = 470°F at 
514.7 ‘psia 

Average formation thickness h = 20 ft 

Sieanmr energy Cost. 22 $, = $0.50/ 
million Btu 


bbl, with royalty and lifting costs deducted and 
ultimate recovery factor of 0.80 assumed. 


Estimate the following: 


(a) Area swept out in first 1,000 hours. 

(b) Oil displacement rate at 1,000 hours. 

(c) Economic areal limit for sustained injection. 
(d) Time required to reach economic areal limit. 


PHYSICAL CONSTANTS 


Specificsheat rock C, =0.21 Btu/lb — °F 
Rock grain density _________ p, = 167 lb/ft’ 
Water density Pw = 62.4 lb/ft 
Po = 50.0 Ib 
Overburden thermal 

conductivity. K = 1.50 Btu/ft-hr-° F 
Overburden thermal 

D = 0.0482 ft'/hr 
Available heat of steam 

at 470°F, 500 psig ____ Q, = 1,150 Btu/Ib 


SOLUTION PROCEDURE 

(From Eq. 5) x = 0.0206 t* (dimensionless). 
(From Eq. 6) M = 33.2 Btu/ft* — °F, 
Whenit— 000-74 = 10-652. 
From the Appendix, when x = 0.652 one finds 


2 2 ax 
erfe x = 0.545 and le erfex + == |= 0.281. 
7. Substituting from Step 6 into Eq. 2, the answer 
to part (a) of the problem is A(t = 1,000 hours) = 
(5.23 X 10*) (0.281) = 14,700. ft, or 0.338 acres. 


8. Substituting from Step 6 into Eq. 1, the answer to 
part (b) of the problem is V, = 103 BOPD at t= 
1,000 hours. 


9. Using Eq. 11, the economis limiting condition is 
[e® erfe x], = 0.182. 


From the Appendix, the value of x corresponding to this 


Inserting these values into Eq. 2, the answer to part 
(c) of the problem is A, = 112,000 ft? or 2.57 acres, 
which is the economic areal limit for the given condi- 
tions. 


10. The answer to part (d) of the problem is ob- 
tained by solving for t from Eq. 5 or, more conveni- 
ently, from Step 3 using the limiting value of x, = 2.948, 
as follows: 


2.948 = 0.0206 t?; ¢, = 20,500 hours, or 854 days. 
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- The-values assumed for the cost of steam generation 
and the irreducible oil saturation in the sample calcula- 
tion were chosen arbitrarily for illustrative purposes 
only. They should not be interpreted as the result of 
any specific cost or reservoir analysis by the Phillips 
Petroleum Co. 


REFERENCES 


Garter oR ADs Appendix to “Optimum Fluid Characteristics 
for Fracture Extension”, by G. C. Howard and G. R. Fast, 


Drill. and Prod. Prac., API (1957) 267. 


APPENDIX 


2 2 2x 
e” erfc x e” x 4 = 
0.00 1.00000 0.00000 
.02 .97783 .00039 
.04 -95642 -00155 
.06 .93574 -00344 
.08 91576 -00603 
0.10 0.89646 0.00929 
Ps .87779 .01320 
14 -85974 .01771 
16 .84228 .02282 
-82538 .02849 
0.20 0.80902 0.03470 
-79318 .04142 
.24 .77784 .04865 
.26 .76297 -05635 
.28 -74857 -06451 
0.30 0.73460 0.07311 
.72106 .08214 
.34 .70792 .09157 
.36 69517 .10139 
-38 -68280 11158 
0.40 0.67079 0.12214 
.42 65912 -13304 
44 64779 -14428 
-46 -63679 .15584 
48 -62609 .16771 
0.50 0.61569 0.17988 
.60588 .19234 
.54 59574 .20507 
-56 .58618 -21807 
.58 -57687 
0.60 0.56780 0.24483 
.62 .55898 .25858 
.55039 .27256 
-66 -54203 .28676 
.68 -53387 .30117 
0.70 0.52593 0.31580 
.51819 .33062 
74 -51064 .34564 
76 -50328 .36085 
78 -49610 .37624 
0.80 0.48910 0.39180 
.82 48227 -40754 
.84 .47560 42344 
.86 46909 .43950 
.88 46274 45571 
0.90 0.45653 0.47207 
92 .45047 48858 
94 44455 .50523 
-96 -43876 .52201 
98 -43311 .53892 
1.00 0.42758 0.55596 
-05 41430 59910 
.10 .40173 -64295 
.38983 .68746 
.20 .37854 73259 
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2 4 2x 

Vi 
0.36782 0.77830 
-35764 82454 
-34796 -87127 
-33874 91847 
32996 0.96611 
0.32159 1.01415 
-31359 -06258 
-30595 -11136 
29865 .16048 
-29166 -20991 
0.28497 1.25964 
27856 -30964 
2724) 35991 
26651 -41043 
-26084 -46118 
0.25540 1.51215 
-25016 -56334 
-24512 -61472 
-24027 66628 
23559 71803 
0.23109 1.76994 
+22674 -82201 
-22255 87424 
-21850 -92661 
-21459 1.97912 
0.21081 2.03175 
.20361 -13740 
-19687 .24350 
-19055 -35001 
-18460 -45690 
0.17900 2.56414 
-17372 -67169 
-16873 77954 
-16401 88766 
15954 2.99602 
0.15529 3.10462 
-15127 21343 
14743 -32244 
-14379 43163 
-14031 -54099 
0.13700 3.65052 
-13383 -76019 
13081 -87000 
-12791 3.97994 
-12514 4.09001 
0.12248 4.20019 
-11994 -31048 
-11749 -42087 
-11514 -53136 
-11288 -64194 
0.11070 4.75260 
-10659 4.97417 
-10277 5.19602 
-09921 .41814 
.09589 -64049 
0.09278 5.86305 
08986 6.08581 
-08712 -30874 
08453 53184 
-08210 75508 
0.07980 6.97845 
.07762 7.20195 
.07556 42557 
-07361 -64929 
07175 7.87311 
0.06999 8.09702 
-06830 .32101 
-06670 -54508 
.06517 76923 
06371 8.99344 
0.06231 9.21772 
-06097 -44206 
-05969 -66645 
05846 9.89090 
-05727 10.11539 
0.05614 10.33993 
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Studies on Pilot Water Flooding 


M, J. FISCHER ROSENBAUM 
C. S, MATTHEWS 
MEMBERS AIME 


ABSTRACT 


The purpose of this work was to learn what infor- 
mation could be obtained from various types of pilot 
water floods and to attempt to find the optimum pilot 
pattern for a reservoir which had previously been 
depleted by a solution gas drive. The study was made 
in the laboratory with mathematical methods, a dynamic 
analog and a potentiometric analog. Results were tested 
against the field histories of a number of pilot water 
floods. 


At a reasonable value of cumulative injection, the 
total production rate for the one-injector five-spot should 
reach about 6.5 per cent of injection rate, and for a 
four-injector five-spot, about 9 per cent. Accurate esti- 
mates of ultimate recovery cannot be made on the basis 
of such small production rates. However, with a pilot 
composed of nine injectors and 16 producers, the pro- 
duction rate is approximately 50 per cent of injection 
rate at a reasonable value of cumulative injection. Some 
information for extended performance predictions might 
be obtained from such a large pilot. 


These conclusions were drawn on the basis of results 
obtained for unit mobility ratio, and a study using the 
potentiometric analog was made of the effect of other 
mobility ratios to determine the range of applicability 
of these predictions. For the four-injector, five-spot 
pilot with M,,,. = %, the ratio of production to injec- 
tion rate (before water breakthrough) is about twice 
that for M,.,. = 1; with M,,,, = 4, it is about two-thirds; 
and with M,,, = 10, it is about one-third. For high 
mobility ratios, it was found that the production rate 
increased considerably as water-cut increased. These 
results can be used to modify, qualitatively, the inter- 
pretations based on curves for the unit mobility ratio 
cases. 

It was found that the maximum ratio of production 
rate to injection rate observed in field pilot floods was 
of the same order as that predicted by these methods. 
The time required to reach this maximum did not 
generally agree with the time predicted for a homo- 
geneous reservoir. The difference between predicted and 
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observed time of response gives an indication of the 
permeability profile and of the condition of the pro- 
ducing wells. 


ASSUMPTIONS 


Pilot water floods of the pattern type are generally 
carried out in reservoirs which have been depleted by 
solution gas drive and are at low pressure. Under these 
conditions, oil and water can be considered incom- 
pressible. It is assumed that, as the water is injected, an 
oil bank forms ahead of it and that there is a distinct 
interface between the water zone (or bank) and the 
oil zone (or bank) and between the oil zone and the 
region ahead of the oil zone. It is further assumed that 
only gas is mobile in the unflooded (gas) region, only 
oil is mobile in the oil bank and only water is mobile 
in the water bank. The saturations and the mobilities 
associated with each zone are assumed uniform. We 
idealize our reservoir to be homogeneous, horizontal 
and of constant thickness. Effects of gravity within the 
producing layer are assumed negligible. 


If the actual time-dependent flow problem is approxi- 
mated by a series of steady-state problems, the potential 
and stream function in the oil bank and water bank 
satisfy Laplace’s equation in two dimensions. We can 
therefore use a potentiometric analog of this system. 
Potentiometric models have yielded useful results in 
this laboratory’ and elsewhere’ in the study of a variety 
of secondary recovery problems. For the case where 
M.,,. = 1, we generally prefer to use theoretical meth- 
ods as well as a simpler dynamic analog. Except where 
otherwise noted, the ratio, side of five-spot/wellbore 
radius, is taken to be 3,600, a figure which corre- 
sponds to a normal-size wellbore in a 10-acre well 
spacing. 


THEORETICAL EVALUATION OF VARIOUS 
PILOT PATTERNS, 


The theoretical models which we used to examine 
the performance of various pilots are shown in Fig. 1. 
Image theory was used to determine the ratio of pro- 
duction rate to injection rate as a function of the 
volume of the flood. The ratio of production rate to 
injection rate was chosen because this is an easily 
measurable quantity which is characteristic of a pilot 
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flood. The volume of the flood, V,», is defined as the 
combined volume of the oil and water banks per injec- 
tion well divided by the volume of one five-spot. This 
volume is outlined in Fig. 1 by either a circle or a 
square outside the pilot area. The theory is applicable 
only for that period of flooding for which this type 
of oil-gas front serves as a reasonable approximation. 
In most cases this period begins at a flood volume of 
about 1.6; the sketches on the right in Fig. 1 illus- 
trate V,p ~ 2.5. 

The curves which accompany the sketches were de- 
termined by applying the boundary condition that the 
average pressure at the wellbore face and the pressure 
at the oil-gas interface remain constant and equal to 
each other throughout the period of flooding. The pres- 
sure is the real part of the total complex potential which 
(at any point z, with origin at the center of the pilot) 
is’ 


Q(z) = — Fo, In col (27 *) x (1) 
j 


in the case of a square oil-gas front, and is 


in the case of a circular oil-gas front. The widest 
spread between the theoretical rate ratio obtained by 
considering the front to be either a square or a circular 
oil-gas interface is about 5 per cent. Experiments with 
the dynamic analog* indicated that the true front lies 
between these two extremes. 


COMPARISON OF RaTE RATIOS FOR VARIOUS 
PILOT GEOMETRIES 

Total theoretical rate ratios for several pilot sys- 
tems are given in Fig. 1. The ordinate is the ratio of 
the total production rate from all producers in the pilot 
to total injection rate of all injectors in the pilot. The 
abcissa is the ratio of total flooded volume (both oil 
and water banks) to the product, number of injection 
wells < volume of one five-spot. The abcissa is di- 
mensionless and is approximately proportional to time 
of injection, if injection is at a constant rate at each 
injection well under identical reservoir conditions. For 
it to be strictly proportional to time, the bulk volume 
equivalent of the cumulative production would need to 
be added to the volume of fluid in the total flood. 
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The curves in Fig. 1 show that a ratio, production 
rate/injection rate, of about 0.5 at a dimensionless flood 
volume of two can be expected for a pilot of nine in- 
jectors, 16 producers. Such a high rate ratio is desirable 
for interpreting a pilot flood, since the effect of the 
pilot flood will show up clearly in the field data. If the 
pilot is very small, the effect of injection may be diffi- 
cult to separate from normal variations in field produc- 
tion rates. Whenever it is important to maintain a mini- 
mum number of wells in a pilot, the four-injector, nine- 
producer pilot is indicated. It appears to have the de- 
sirable characteristics of a reasonably high rate ratio 
for a lesser number of wells. The most economical pilot 
is the one-injector, four-producer. This arrangement 
leads to the highest production rate per injection well. 
If a rate ratio of about 0.05 to 0.10 can be considered 
indicative of whether or not oil can be moved, this pilot 
may be preferable. However, the time required to reach 
a production rate of about 5 per cent of the injection 
rate is somewhat longer for the one-injector than for 
the four-injector shown in Fig. 1. 


Fig. 2 shows the performance at certain wells within 
the two pilot arrangements illustrated. The ordinate is 
the ratio, production rate at one well/injection rate at 
one well, and the abcissa is the total flood volume 
(both oil and water banks), V,». The production wells 
were grouped according to their distance from the cen- 
ter of the pilot. The nine-injector, 16-producer con- 
tains four inner producers, each surrounded by four in- 
jectors. The ratio of the production rate at any one of 
these four wells to the injection rate at any one of the 
injection wells is given by the curve labeled “Inner 
Producers”. The ratio of the rate at any one of the eight 
outer producers, not on corners, to this same injection 
rate is the curve labeled “Side Producers”, A similar 
curve is given for the corner producers. The correspond- 
ing curve in Fig. 1 is simply the weighted sum of the 
three curves here, i.e., the ratio of total production rate 
at all 16 production wells to total injection rate. The 
other pilot arrangement in Fig. 2 has been treated in a 
similar way. A comparison of the two “Inner Produ- 
cers” curves shows that the rate at a center producer in 
the nine-injector is about 50 per cent higher than it is 
in the four-injector at comparable flood volumes per 
injector. In both pilots the producer is surrounded by 
four injectors, but in the larger one the interference 
presented by additional off-setting injectors causes the 
rate to be higher. The curves in Fig. 2 illustrate that 
the number and the arrangement of injection wells 
around a producer have a significant influence on the 
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rate ratio. Hence, to interpret field pilot data, the rel- 
ative positions of the wells must be taken into account. 

Because of the high production rate (that is, about 
50 per cent of the per-well injection rate) at the inner 
wells in the largest pilot, there is some possibility 
of estimating field-wide recovery from pilot perform- 
ance. The estimate might be made by (1) injection to 
a point where the water-oil ratio at an inner well shows 
a trend, (2) extrapolation of this trend to the eco- 
nomic limit, (3) approximation of the area from which 
this recovery would be obtained and (4) use of the re- 
covery factor obtained in this way for the area around 
the producer to estimate field recovery. Such a system 
as this is feasible only if (a) the production rate is a 
reasonably large fraction of the injection rate, and (b) 
it is possible to approximate the area from which the 
production well receives its oil. This area will be some- 
what less than the five-spot square around each pro- 
ducer. To find this area, the streamlines must be located 
which separate the flow from the outer injectors toward 
the inner producers and the flow which proceeds from 
these injectors outward. The two conditions (a) and 
(b) appear to be satisfied only in large pilots such as 
the nine-injector. In the case of smaller pilots, the ratio 
of production to injection rates is too small, or the flood 
volume must become very large before a trend in the 
water-oil ratio can be detected at the central produccr. 
Such a large flood bank size will distort a subsequent 
flood. 


DISPLACEMENT FACTOR AND CONVERSION OF 
TOTAL FLOOD VOLUME SCALE TO 
CUMULATIVE INJECTION SCALE 


The displacement factor, originally defined by Hurst,’ 
determines the rate of buildup of the oil bank as it 
grows in the partially depleted reservoir. It is related to 
the displaceable oil and gas saturations 


S, Son 

Therefore, when the displacement factor for a reser- 
voir has a high value, response to water injection oc- 
curs earlier than when its value is low. Furthermore, 
the rise in the production rate after oil breakthrough 
and before water breakthrough is higher with higher 
values of F. Thus during pilot flooding of fields de- 
pleted by solution gas drive, the time of response would 
give a valuable indication of the amount of displaceable 
oil if the reservoir were homogeneous. In actual cases, 
however, early response can also be associated with per- 
meability stratification. It is necessary to distinguish be- 
tween these two effects before drawing conclusions as 
to amount of displaceable oil. 

The scales of flood volume along the abcissa of Figs. 
1 and 2 can be approximately converted to a scale of 
cumulative water injection per injector simply by di- 
viding by the displacement factor. That is, 

For the exact scale conversion in the particular case of 
the one-injector, four-producer pilot, the curves of Fig. 
3 should be used. These curves were obtained by taking 
into account the volume produced: 


1 
where 
Vio 
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The relationships (Eqs. 5 and 6) are general and can 
be applied to any pilot configuration. 


EXPERIMENTAL DETERMINATION OF THE 
EFFECT OF MOBILITY RATIO ON PILOT 
PRODUCTION RATE 


The preceding discussion concerned the effect of the 
pilot geometry on the production rate for the single- 
fluid case. In this section we consider the multi-fluid 
case for one particular geometry — the four-injector, 
one-producer five-spot. An electrolytic tank, or poten- 
tiometric model, was used to examine the effect of var- 
ious values of M,,,, and F on the ratio, production 
rate/injection rate. As a complementary experiment, a 
dynamic model was set up to observe the shape of the 
oil-gas front at the moment of first oil production and 
the changes in shape as the flood progressed for the 
case where M,,,, = 1 and M,., = 0. The interface shapes 
obtained in this way were used as first approximations 
to the shapes being determined in the potentiometric 
model. 


Dynamic MopEL 


The dynamic model consists of two 30-in.  30-in. 
glass plates, carefully leveled and spaced 1 mm apart.* 
For the normal pilot, colored glycerin was injected at 
the four injection wells of a five-spot array. After fill- 
up, some of the glycerin was produced at the central 
producer while the rest spread out away from the pilot 
area. The colored glycerin was injected at a central in- 
jection well for the inverted pilot. Some was produced 
at the four producers while the rest spread out past the 
pilot area, Photographs of the colored glycerin taken 
during these two types of pilot flood are shown in 
Fig. 4. Injecting glycerin into the air space between the 
plates corresponds to injecting water into a reservoir 
which has been depleted of its primary oil and which 
contains a significant gas saturation. 


POTENTIOMETRIC MODEL 


The reversed electrolytic analog to a fluid-flow system 
was developed and used by Fay and Prats of this lab- 
oratory’ but has not been described before. The prin- 
ciple of the reversed analog which they applied to an 
extended five-spot waterflood development is applied 
here to the normal pilot flood consisting of four injec- 
tion wells and one production well. The carefully lev- 
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eled tank containing the electrolyte is made with a 
plane glass bottom and copper bar walls and simulates 
one-eighth of the total symmetric five-spot and outly- 
ing area (see Fig. 5). The electrical equipotential lines 
found in the electrolyte are analogous to the fluid 
streamlines in the field. These lines can be traced out 
by means of a ¥-in. diameter silver probe which, in 
series with an oscilloscope, forms one branch of a 
Wheatstone bridge-type circuit. The copper bars are 
separated from each other by insulators. The cylindrical 
insulators correspond to the injection well and produc- 
tion well, and the long curved insulator, made of a flex- 
ible strip of styrene, corresponds to the oil-gas front. 
The latter is moved as the pilot flooding operation pro- 
gresses. A textolite filler, milled to a known thickness 
and placed in the tank, defines the water bank, A 
1,000-cycle generator supplies an alternating potential to 
the two copper bars adjacent to the injection well. The 
fraction of total potential which is found to be on the 
copper bar adjacent only to the production well cor- 
responds to the ratio of rate of production at the pro- 
ducer to rate of injection into the reservoir from the 
four injection wells. This fraction corresponds also to 
the value of the stream function at the streamline which 
divides the fluid between that flowing toward the pro- 
ducer and that flowing away from the producer, 


In the potentiometric model, reservoir fluids of dif- 
ferent mobility are simulated by different depths of elec- 
trolyte. The depth of electrolyte is controlled by tex- 
tolite fillers of known thickness. In this model, the 
analog of this quantity (mobility of reservoir fluid 
reservoir thickness) is the product of (electrical conduc- 
tivity of electrolyte in model X electrolyte depth)”. 
The ratio of mobilities of water to oil and of oil to gas 
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for a uniformly thick reservoir is simulated by the re- 
ciprocal ratio of depth of electrolyte. For example, if 
M,,. = 4 and M,, = 0, then D,/D,, = 4, D,/D, = 0. 


The insulators corresponding to the injection and 
production wells are too large to simulate the usual-size 
field wells. However, since the flow near a well in the 
field is almost radial, the model’s wells can be scaled 
by connecting an appropriate resistor across each well. 


Two successive stages of progress of a normal pilot 
flood as determined in the potentiometric model are 
pictured in Fig. 6. The water-oil and oil-gas interfaces 


were determined by the ¥ method." In the case shown, 
with M,,,, = 10 and F = 1.5, the total volume of the oil 
and water banks became so great that water break- 
through could not be achieved before the gas-oil front 
reached the boundary of our potentiometric model. For 
a very small movement of the water finger toward the 
production well, there is a large movement of the oil- 
gas interface away from the pilot area. The combined 
bulk volumes (V,,) of oil and water banks for the two 
different stages shown in Fig. 6 are 1.15 and 1.84, The 
light lines originating at the injection wells are the 
streamlines which divide the fluid flowing to the pro- 
duction well from that spreading out away from the 
producer. 


EFFECT OF M,,., AND F ON RATE RATIOS 


The potentiometric model results for the four-injec- 
tor, one-producer pilot presented as curves in Fig. 7 
show the effect of mobility ratio. The rate ratio, q,/i,, is 
plotted as a function of the dimensionless cumulative 
injection per injector, W,,. The dimensionless cumula- 
tive injection is expressed as a fraction of the floodable 
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five-spot volume.* The amount of cumulative injection 
required to reach the moment of first oil production 
(fill-up) depends on the value of displacement factor, F, 
as indicated by the rise in production rate. At fill-up, 
the rate ratio rises sharply from zero, then increases 
slowly as injection continues. The figure shows that when 
the oil is four times as mobile as the injected water, 
the rate response is nearly twice as great as when the 
oil and water have the same mobility. The response for 
the unfavorable mobility ratios (shown by the two 
lower curves in Fig. 7) is, for M.,. = 4, about two- 
thirds of that for M... = 1, and for M.,, = 10, about 
one-third of that for M,,, = 1. These curves are appli- 
cable between the time the gas-oil interface reaches the 
production well and the time of arrival of the oil-water 
interface. 


EFFECT OF WATER-CUT ON RATE RATIO 
The effect of water production on pilot performance 


*A floodable five-spot volume is defined as 7,758 Vs-spot oC 
Se — Ser — Ser) bbl where VWs-spot is measured in acre-feet. 


was studied by holding the total flood volume, Vip, con- 
stant and equal to 1.85 (a value limited by the size of 
the model used here) and varying the per cent water in 
efflux for various values of M,,, and F. This type of 
experiment corresponds to an artificial prototype in that 
the total flood volume in a depleted reservoir subject to 
a pilot test does not stay constant as the flood pro- 
gresses, However, qualitative information, as shown in 
Fig. 8, can be obtained from the relatively simple ex- 
perimental model. The curves of Fig. 8 can be used to 
estimate the effect of water cut at flood volumes in the 
neighborhood of 1.85, since the change in production 
rate due to increase in flood volume is so much smaller 
than the rate change due to increased water-cut. For 
example (Fig. 7), for M.,. = 10 and F = 1.5 when 
the value of cumulative water injection, W.», changes 
from 0.8 to 1.2 which corresponds to a V,» change 
from 1.2 to 1.8 (since Vir = WF), the production 
from the center producer increases only about 35 per 
cent. However, as the water cut increases from 20 to 80 
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per cent for the same case (Fig. 8) the gross production 
rate increases by 237 per cent. 


When the mobility ratio is favorable, an increasing 
water-cut causes a small decrease in the ratio of produc- 
tion rate to injection rate. 


COMPARISON OF LABORATORY CURVES WITH 
FIELD DATA 


Several field pilot water floods were examined in the 
light of predictions made as a result of this study. It 
soon became apparent that quantitative use of the early- 
response data from a field pilot would require a 
theory which would include the effects of permeability 
stratification. However, valuable qualitative information 
could be obtained by the type of comparisons discussed 
below. Pertinent characteristics of the fields considered 
are given in Table 1. 


DISCUSSION OF COMPARISONS 

Field I data for which F = 2 (determined from sat- 
uration data) are plotted in Fig. 9. The data lie to the 
left of the laboratory curves. The model experiments in- 
dicate that a homogeneous field, for which F = 2, would 
show a response to injection at about 0.5 floodable five- 
spot volumes per injection well. In the case of Field I, 


response occurs at about 0.2.* The early response is 
probably from the most permeable layers. Although rel- 
ative permeabilities for this reservoir were not measured, 
it is reasonable to expect the water-to-oil mobility ratio 
to be in the range of 1.5 to 6. The actual level of re- 
sponse when extrapolated seems to agree with what 
would be predicted from these curves. 


Data from Field II are plotted in Fig. 10 along with 
the curve from Fig. 8 corresponding to M,,,, = 4 and 
F = 5. The last points of the group of field data indi- 
cate that the rate ratio is approaching that expected for 
a field of these characteristics. The highest point is 
from a new central well which was completed about 
a year after the old well sanded up and plugged. The 
points at lower water-cut are below that predicted for 
the homogeneous case probably because of by-passing 
due to permeability stratification. The field starts to cut 
water much earlier than would a homogeneous field. 
Since the flood volume at this time is smaller than 
for the homogeneous case, the ratio of production rate 
to injection rate is also smaller than would be predicted 
for the homogeneous case. 


Fig. 11 is a comparison of the rate ratio for outly- 
ing wells of a four-injector pilot in Field III. The the- 
oretical curve is similar to the “Side Producers” curve 
in the right-hand set of Fig. 2. The very low values of 
the field production rate at these two wells is probably 
due to formation damage at the wells. The central pro- 
ducer in this five-spot did not respond until after frac- 
turing, and it is probable that wells 8 and 9 also need 
fracturing. 


The field data shown as circles in Fig. 12 are from 
the production rate at both central producers in the 
Field IV pilot. The laboratory curves shown in the same 
figure are similar to those of Fig. 1 except that the size 
of the wellbore is a parameter. The numbers 50, 86 
and 3,600 correspond to effective wellbore diameters 
of 25.6, 16.0 and 0.36 ft in this 9.4-acre pilot. The 


*In drawing field rate-ratio curves, one must average the in- 
jection and production rate data over a period sufficient to eliminate 
the transient effects of sudden changes in rate. 
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TABLE 1 — FIELD CHARACTERISTICS 


Area Floodable 
of 5-spot Saturations— 

5-spot Volume 
Field (acres) (bbl) So Sor Sg Sgr 
8 107,000 48 .20 .27 0 
8 835,000 .58 v2 0 
11 172,000 .30 19 .29 0 
IV 9.4 272,000 29 0 
Vv 31.5 235,000 46 .20 14 0 

*Estimated. 


Viscosities Net 


Formation 

Ho w Porosity Thickness 
F (cp) (cp) Mw,o ) (ft) 
2.04 .214 15 
4,58 30 0.9 4* -300 82 
1.38 hod 0.9 — .194 26 
1.89 5* 0.9 — .180 45 
2.94 1.6 06 — .160 15 


combined production rate ratio appears to approach the 
rate ratio predicted for a well of about normal size. 


Fig. 13 shows data from Field V plotted along with 
curves based on theory described at the first of the re- 
port. The pilot consists of one injector and four pro- 
ducers. The parameter for the curves again is a meas- 
ure of the wellbore size. Since this pilot was drilled 
on 31.5 acres, the numbers 80, 1,000 and 3,600 cor- 
respond to effective wellbore diameters equal to 29.2, 
2.34 and 0.65 ft. The production wells in this pilot 
had been fractured (or shot) before the beginning of 
the pilot operation. The early field data reflect this by 
appearing to approach values which correspond to a 
very large effective wellbore size. The low oil viscosity 
could also enhance the production rate over that pre- 
dicted theoretically for the case where M,,,, = ibs 


DISCUSSION AND CONCLUSIONS 


Useful information, such as the rate at which water 
can be injected and whether or not an oil bank can be 
formed, can be obtained from a pilot flood. In addition, 
the magnitude of response at the producers (which has 
been the subject of this paper) gives other information 
potentially useful for estimating future performance. If 
the behavior of a field pilot flood could be closely ap- 
proximated by the methods presented here for a homo- 
geneous reservoir, the reservoir parameters of mobility 
ratio and displacment factor could be determined. With 
these parameters, the behavior of the full-scale flood 
could be predicted. In actual floods, unfortunately, the 
presence of all kinds of irregularities in formation char- 
acteristics and well completions makes results deviate 
considerably from the homogeneous case. These irregu- 
larities make it difficult to determine true reservoir per- 
formance from a pilot. 


The response of a pilot can be used qualitatively, 
however. When the response is earlier than predicted 
for a homogeneous reservoir, the time and nature of 
response gives an indication of the reservoir inhomo- 
genieties. If response time is late, then the formation 
permeability near the producing wells has probably been 
damaged, or there are thief sands. In large pilots such 
as a nine-injector type, it may even be possible to pre- 
dict quantitatively the ultimate flood recovery by ex- 
trapolation of the behavior of the inner producers. 
This cannot be done in a reasonable time in a smaller 
pilot in a depleted reservoir. 


The experimental model curves show that when the 
displaced oil is more mobile than the displacing water, 
the rate response is higher between the period of oil- 
bank interference and water breakthrough. When the 
water-to-oil mobility ratio is one-quarter, the response is 
nearly twice that for a mobility ratio of unity. When the 
displaced oil is less mobile than the displacing water, the 
rate response is lower during the period of only oil pro- 
duction. When the water-to-oil mobility ratio is four, 
the response is two-thirds that for a mobility ratio of 
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unity; when the water-to-oil mobility ratio is 10, the 
response is one-third that for unity mobility ratio. 


Water-cut data are needed to determine whether or 
not the pilot is showing predicted response. When there 
is an unusually high gross production rate, it is espe- 
cially important to observe the water-cut in interpreting 
the rate data. After water breakthrough, the rate ratio 
for unfavorable mobility ratio may increase by a fac- 
tor of three or four as the water-cut changes from 20 
to 90 per cent. 


NOMENCLATURE* 


D,,D,,D, = Depth of electrolyte in the regions of the 
potentiometric model corresponding to 
the oil bank, water bank and gas region 
of the field. 

fi = Water-cut, fraction of water in efflux. 
F = Displacement factor, F = 1 + 


[(S. — Sor)/(S, — Sor)] 


K = Real quarter period of the Jacobian Ellip- 
tic Function, cn z. 


*See AIME Symbols List in Trans. AIME (1956) 207. 363, for 
other symbol definitions. 
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L 


Radius of circle (or 12 diagonal of square) 
which comprises the combined oil and 
water banks, units of length. 


II 


Ratio of the displacing phase mobility to 
the displaced phase mobility. M,,,, = 


Cumulative oil produced per injector as a 
fraction of the recoverable oil originally 
within a five-spot. 


The residue of ’(z) at the jth pole; pro- 
portional to the flow rate at the jth well; 
positive if the well is a producer, nega- 
tive if it is an injector. 

O = (How rate) p/2zkh, atm. 


i = Ratio of production rate to injection rate; 
a subscript, t, on either or both indicates 
total. 


= Ratio of rate of production of oii to rate 
of production of water. 


Bulk volume of formation comprising one 
five-spot, referred to in text as “five-spot 
volume”, acre-feet. 


Total flood volume per injector of a pilot 
as a fraction of the bulk volume in a 
five-spot, dimensionless. 


= Cumulative water injected per injector as 
a fraction of the floodable pore space 
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originally within a five-spot, dimension 
less. 

x + iy coordinate in the complex plane; 
z;, location of the jth well in the pilot; 
Z1;, location of the jth image well out- 
side the oil-gas interface, units of length. 


Q 


Total complex potential. 


v = The lines which are the locus of the inter- 
sections of the streamlines with the fluid 
interfaces. 
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Of the many factors which affect the productivity of 
hydraulically fractured wells, the wettability of the 
propping sand has received little attention in the past. 
This paper shows that the wettability of the propping 
sand is an important factor which should not be over- 
looked. 


An analysis of relative permeability data shows that 
fractures packed with water-wet sand should be more 
permeable to oil than are fractures packed with oil- 
wet sand. Laboratory results verify this conclusion. Cal- 
culations show that higher permeability to oil in the 
fracture should provide higher well productivity. 


A method is presented which ensures that the prop- 
ping sand in an induced fracture is water-wet even 
though oil is used as the fracturing fluid. The method 
has been used in more than 150 field jobs; the field re- 
sults are discussed briefly. 


The fluidized nature of water-wet sand in oil has 
given unexpected benefits. This characteristic of water- 
wet sand and how it has been used advantageously in 
field operations are discussed. 


Hydraulic fracturing of subsurface strata to increase 
the productivity of oil and gas wells has been practiced 
for about 10 years. Today, fracturing is used more 
often than any other method of well stimulation. Ba- 
sically, the process consists of breaking down (fractur- 
ing) a subsurface formation with pressure applied by 
means of a carrier fluid, usually oil or water, and prop- 
ping the induced fractures apart by means of an agent, 
usually sand, suspended in the carrier fluid. Currently 
about 68 per cent of all fracturing is done with a sim- 
ple mixture of refined oil or lease crude oil and sand’. 


The research of other investigators has suggested 
that dry sand is rendered oil-wet when it is contracted 
with certain types of crude or refined oils.* Hence, it 
may be expected that some fracturing operations em- 
ploying an oil as the carrier for sand leave fractures 
packed with oil-wet sand. Conversely, those operations 
which employ water as the carrier for the sand probably 
leave the fractures packed with water-wet sand. Since 
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the permeability of a sand-packed fracture to a mixture 
of oil and water is dependent upon the wettability of 
the fracturing (frac) sand, research was undertaken to 
determine to what extent the wettability condition 
(water-wet or oil-wet) controls fracture permeability 
which, in turn, affects well productivity. Additional re- 
search was directed toward the development of a meth- 
od for obtaining the desired fracture wettability. 


In this report both theoretical and experimental evi- 
dence is presented to show the desirability of employing 
water-wet sand in fracturing operations. A method to 
obtain water-wet sand is discussed, and field results 
are reviewed briefly. 


DEPENDENCE OF WELL PRODUCTIVITY ON 
FRACTURE WETTABILITY 


To determine the dependence of well productivity on 
the wettability of the frac sand, it is necessary to know, 
first, the effect of fracture wettability on fracture per- 
meability and, second, the effect of fracture permeabil- 
ity on well productivity. The relationship of these var- 
iables is considered separately in the order indicated. 


EFFECT OF WETTABILITY ON PERMEABILITY 


Fig. 1 shows relative permeability relations for 20- 
30 mesh Ottawa sand. Inspection of these curves reveals 
that the relative permeability to oil when a small amount 
of water accompanies the flow is considerably higher 
when water rather than oil is the wetting phase. For 
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example, compare the relative permeabilities at points 
A and B on the curves, At point A the relative per- 
meability to oil is about 40 per cent of the single-fluid 
value when water is the wetting phase, but the relative 
permeability to oil at point B is about 15 per cent when 
oil is the wetting phase. 

The degrees to which wettability influences oil per- 
meability is seen more clearly if the relative permeabil- 
ity to oil is expressed as a function of the per cent 
of oil in the flowing stream. The following relation 
makes the transformation: i? 


where 
F, = fraction of oil in the flowing stream, 
F,, = fraction of water in the flowing stream, 
K, = relative permeability to oil, 
K,, = relative permeability to water, 


[to = viscosity of oil, 
[lw = Viscosity of water. 


The above equation was used to relate the relative 
permeability to oil to the fraction of oil in the produced 
Stream for two wettability conditions, water-wet and 
oil-wet, and for viscosity ratios of 1, 10 and 60. Figs. 
2 through 4 illustrate these results. These curves were 
obtained by using the data displayed in Fig. 1. 

Fig. 2 shows that for an oil-water viscosity ratio of 
one: 

1. The relative permeability to oil is greater when 
water is the wetting phase that when oil is the wetting 
phase if the oil in the produced fluid exceeds 50 per 
cent. For example, if water is the wetting phase and 
the flowing stream contains 3 per cent water (97 
per cent oil in produced fluids), the permeability to oil 
is 33 per cent of the single-fluid value. On the other 
hand, if oil is the wetting phase, the permeability to oil 
is only 14 per cent of the single-fluid value. Thus, with 
3 per cent water in the produced fluid, the water- 
wet condition gives an oil permeability 2.4 times greater 
than the oil-wet condition. 

2. If the flowing stream contains less than 50 per 
cent oil, both wettability conditions give about the same 
oil permeability. 

Figs. 3 and 4 show the effect of wettability on oil 
permeability when the oil-water viscosity ratios are 10 
and 60. From these figures it can be seen that an in- 
crease in the viscosity ratio sharply increases the range 
of flowing stream compositions over which the water- 
wet condition is desirable. 
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Although in many fields the oil-water viscosity ratio 
is close to one, there are some in which the ratio is 
much greater than one. For example, there are fields 
in which the oil-water viscosity ratio is 60 or greater. 
In such fields, oil-wet fractures reduce oil permeability 
for any stream composition. 

The conclusion drawn from the above analysis sug- 
gests that water-wet frac sand gives better oil permeabil- 
ity than oil-wet sand. However, the analysis is based on 
relative permeability data obtained only under imbi- 
bition (waterflood) conditions with 20-30 mesh sand. 
The conditions that exist following a sand-in-ojl frac- 
turing operation suggest that imbibition relative per- 
meability data should be employed to investigate the 
oil permeability of a fracture propped with water-wet 
sand, but drainage data should be used for the oil-wet 
case. The reasoning is as follows. If the sand were to 
remain water-wet while in the carrier oil, then a sub- 
sequent influx of water into the fracture would repre- 
sent an increasing wetting phase, or imbibition-type 
condition. On the other hand, if the carrier (oil) makes 
the sand oil-wet, then an influx of water is accom- 
panied by a decrease in the wetting phase (oil) satura- 
tion. This is referred to as a drainage condition. To 
provide data under conditions specifically encountered 
in fracturing operations, both drainage and imbibition 
relative permeability relations were obtained with 20- 
40 mesh round frac sand. 

A copper tube, 153-cm long with an inside diameter 
of 1.1 cm, was packed with 20-40 mesh round frac 
sand. The column was saturated with water. Then, two 
constant-rate pumps — one delivering water and the 
other oil— were used in steady-state drainage per- 
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meability experiments. After the data were obtained, 
the same arrangement was used in steady-state imbibi- 
tion permeability experiments. 


Fig. 5 shows the interpretation of the data. It is 
evident that the oil permeability is always greater when 
water is the wetting phase. 


VERIFICATION OF PERMEABILITY BEHAVIOR 
IN OrL-WET AND WATER-WET SAND COLUMNS 


The effect of wettability on permeability was investi- 
gated further by making four sets of permeability meas- 
urements on sand columns for both oil-wet and water- 
wet conditions. The results, which are discussed here- 
in, physically demonstrated the validity of the conclu- 
sions drawn from relative permeability relations ob- 
tained with water-wet sand columns. 


In the first set of measurements, 20-40 mesh frac sand 
packed into a Saran plastic tube, 91-cm long with an 
inside diameter of 0.10 cm, was saturated with crude 
oil. The packed tube was allowed to stand for 15 hours. 
This simulated the placement of sand in an oil that in- 
duces oil-wetness. Then, with two constant-rate pumps 
delivering an oil-water stream containing 10 per cent 
water, a measurement of the oil permeability was made. 
Immediately thereafter, the column was flushed with 
oil containing Agent A to render the sand water-wet. 
(For description of these agents, see Table 1.) The per- 
meability measurements were made again with the same 
fluid stream. The oil permeability measured under the 
reinstated water-wet condition was 90 per cent greater 
than that measured under the oil-wet condition. 


After the above measurements were completed, the 
small-diameter tube was cleaned and again packed with 
20-40 mesh sand. The previous procedure was repeated 
to obtain a second set of measurements, this time with 
an oil-water stream containing 3 per cent water. 
In this case the oil permeability measured under the 
reinstated water-wet condition was 112 per cent greater 
than that measured under the oil-wet condition. 


In a third test, a plastic tube, 392-cm long with an 
inside diameter of 0.38 cm was employed. The 20-40 
mesh round frac sand was made oil-wet by flushing it 
with a 2 per cent solution of Agent B in distilled 
water. The constant-rate pumps were adjusted to deliver 
an oil-water stream containing 16 per cent water, and a 
measurement on the oil permeability was made. After 
this measurement was completed, the column was made 
water-wet by flushing it with 2 per cent Agent A in 
crude oil. Then, the permeability measurement was 
made again. The oil permeability measured under the 
reinstated water-wet condition was 34 per cent greater 
than that measured under the oil-wet condition. 

To obtain the fourth set of data, the same column 
was used, and the pumps were adjusted to deliver an 
oil-water stream containing 7 per cent water. A 
measurement of the oil permeability was made, and 
the column was returned to the oil-wet condition 
through the use of the Agent B solution. Finally, a 
measurement of the oil permeability associated with 
this oil-wet condition was made. The oil permeability 
under the water-wet condition was 78 per cent greater 
than that under the oil-wet condition. 


The results of these four experiments are summarized 
in Table 1. They show, for all the water-oil mixtures 
employed, that the relative permeability of the fracture 
sand to oil is greater when the sand is water-wet than 
it is when the sand is oil-wet. 


EFFECT OF FRACTURE WETTABILITY ON 
WELL PRODUCTIVITY 


When the effect of wettability on fracture permeabil- 
ity is known, it is possible to relate fracture wettability 
to well productivity through the use of information 
presented in a paper by van Poollen, et al.* The authors 
show that for both horizontal and vertical fractures well 
productivity is very dependent upon fracture permeabil- 
ity. In the summary of their paper, they conclude that, 
“Any method which causes a flow restriction within 
the propped fracture can appreciably reduce the pos- 
sible production increase”’. 

Now, the two effects—that of wettability on fracture 
permeability and that of fracture permeability on 
well productivity—can be combined to obtain the final 
effect of fracture wettability on well productivity. The 
result of this synthesis is given in Fig. 6. It shows for 
various formation permeabilities the production in- 
creases to be expected after fracturing with oil-wet sand 
and after fracturing with water-wet sand. This analysis 
is based on the following assumptions: 

1. The formation is strongly water-wet. 

2. Formation thickness is 20 ft. 


3. A very small amount of water (about 1 per cent 
of total production) accompanies the flow of oil, and 
the formation relative permeability to oil is 30 per cent 
of the single-fluid value. 


4. The effect of fracture flow capacity on well pro- 
ductivity is as calculated by van Poollen, et al, and 


TABLE 1 — RESULTS OF WETTABILITY EXPERIMENTS CONDUCTED WITH 20-40 MESH FRAC SAND 
Oil Water Increase in Oil 
: Wetta- Wetta- Water in Permeability Caused 
Experi- Column Column bility bility Flowing by Restoration of 
ment Length Diameter Induced Restored Stream Water-Wetness 
Number (cm) (cm) Within With (per cent) (per cent) 
1 91 0.10 Crude Oil Asent A* 10 90 
2 91 0.10 Crude Oil Agent A* 3 412 
3. 392 0.38 Agent B** Agent A* 16 34 
4 392 0.38 Agent B** Agent A* Te 78 


agent A is a mixture of amine-neutralized anionic surfactants and non-ionic surfactants in a hydrocarbon base. 
*Agent B is a mixture of primary amine acetates having the general formula, RNHsCOOCHs, where R varies from 8 to 18 in even number increments. 
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shown in their Fig. A. This treatment considers a hori- 
zontal fracture. 

5. 20-40 mesh round Ottawa frac sand is employed. 
The single-fluid permeability of this sand is 121 darcies. 

6. Fracture width is 4% in. 

7. For the water-oil ratio assumed in Assumption 
3 and for oil-wet frac sand, the fracture permeability 
to oil is 20 darcies. 

8. For the water-oil ratio in Assumption 3 and for 
water-wet frac sand, the fracture permeability to oil is 
40 darcies; i.e., it is twice that of the oil-wet fracture. 

9. Fracturing with oil-wet sand in every case yields 
a daily oil production of 50 B/D. 

From Fig. 6 it is clear that water-wet frac sand is 
better than oil-wet frac sand. 

After a fractured well has produced for a period of 
time, it may be expected that the fracture permeability 
will be reduced both by compaction of the frac sand 
and by the incorporation of formation fines with the 
frac sand. As this happens, the fracture permeability 
becomes even more sensitive to the frac sand wetta- 
bility. Suppose, then, that assumptions 5, 7, 8 and 9 
are modified to include these circumstances: 

5a. Fracture contains a mixture of 20-40 mesh round 
frac sand and formations fines; the single-fluid per- 
meability of the fracture is 60 darcies. 

7a. For a low water-oil ratio and for oil-wet frac 
sand, the fracture permeability to oil is 10 darcies. 

8a. For a low water-oil ratio and for water-wet frac 
sand, the fracture permeability to oil is 30 darcies; i.e., 
it is three times that of the fracture containing oil-wet 
sand. (An examination of typical relative permeability 
data shows that, in general, the sensitivity of porous 
rock to changes in wettability increases with decreasing 
permeability. ) 

9a. The fractured formation containing oil-wet frac 
sand in every case yields a daily oil production rate 

Fig. 7 shows the calculated effect of fracture wetta- 
bility on production increase after compaction and 
formation fines reduce fracture permeability and alter 
the relative permeability curves. These results indicate 
that the importance of having a completely water-wet 
fracture increases as the productivity of the well declines. 

Since water-wet frac sand gives substantially higher 
well productivity than does oil-wet sand, it is impor- 
tant to know the wettability imparted to frac sand 
during the fracturing operations. The following section 
deals with this consideration. 
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WETTABILITY OF FRAC SAND 


When water is used as the carrier in fracturing 
operations, the sand is probably strongly water-wet im- 
mediately after placement in the fracture. However, 
as was mentioned earlier, most fracturing operations 
employ sand-in-oil mixtures, To ascertain the likelihood 
of obtaining oil-wet fractures during sand-oil fractur- 
ing Operations, a number of representative oils (both 
refined and crude) were tested for their ability to 
render sand oil-wet. The test procedure and results are 
discussed below. Also, the permanence of original 
wettability is discussed. 


DETERMINATION OF WETTABILITY OF Dry 
SAND MIXED WITH VARIOUS OILS 


A simple procedure was devised so that the wettabili- 
ity of dry sand might be determined after it is mixed 
with various oils. Clean, dry sand was mixed thoroughly 
with the oil. After the sand had settled for several 
hours into a relatively firm bed in the bottom of the 
beaker, the excess oil was decanted and tap water was 
poured gently upon the oil-saturated sand bed. The 
effect was observed to note whether the sand was 
water-wet or oil-wet. If the sand was water-wet, the 
water spontaneously displaced the oil from the sand. 

These results are summaried in Table 2. All of the 
oils except one rendered dry sand oil-wet. This infor- 
mation indicates that fracturing operations in which 
dry sand is mixed directly with oil usually leave frac- 
tures packed with sand that is initially oil-wet. 


PERMANENCE OF OIL-WETNESS 

If fractures are packed with sand which is oil-wet, 
does the initial oil-wet condition persist? The wetta- 
bility tests described herein indicated that under static 
conditions at atmospheric temperature, there is no 


TABLE 2 — WETTABILITY IMPARTED TO DRY SAND BY VARIOUS OILS 


Oil Wettability imparted to Dry Sand 


Water-wet (W) 
Oil-wet (0} 


. Clean kerosene 
Kerosene stored in rubber vladde; 
. Crude oil A 

Crude oil B 

Refined oil A 

Crude oil C 

Crude oil D 

Crude oil D containing 
Visofrac adaitive 
Crude oil D containing 
Petrogel additive 

10. Refined oil B 

11. Crude oil E 

12. Refined oil C 

13. Crude oil F 

14. Refined oil D 

15. Refined oil E 


ONADRWN— 
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tendency for reversion to the water-wet state. In similar 
tests conducted at 140°F for several days, the oil-wet 
condition persisted. It is believed that, after placement 
of oil-wet frac sand, continuous flow of oil and water 
through the sand does not alter the wettability, and 
therefore the frac sand retains its initial oil-wet con- 
dition. 


PERMANENCE OF WATER-WETNESS 


If a frac sand is water-wet immediately after place- 
ment in the fracture, it probably remains water-wet. 
This reasoning is substantiated by the fact that most 
sand reservoirs are decidedly water-wet and are believed 
to have been so through geologic time. 


METHOD FOR OBTAINING 
WATER-WET FRAC SAND 


The analysis of relative permeability data and the 
laboratory studies have shown that higher well produc- 
tivity is obtained with water-wet sand than with oil-wet 
sand, From these considerations, water appears to be 
the best carrier fluid for hydraulic fracturing. However, 
there are many areas where oil is used almost exclu- 
sively as the sand carrier because problems might be 
caused by the use of water. Thus, it is desirable to have 
a method for imparting water-wetness to sand during 
a primary fracturing operation employing oil as the 
carrier. The following method has been perfected to 
render sand water-wet. 


WATER-WETTED SAND FOR USE IN 
SAND-OIL FRACTURING 


In those fracturing operations requiring oil as the 
carrier, sand is wetted with water before it is dispersed 
into the oil. In this manner each sand grain is coated 
with a film of water which protects the sand surface 
from oil. Wet sand, however, is extremely difficult to 
disperse in oil because the sand grains are held together 
by water. To overcome this difficulty, an interfacial 
tension-reducing agent is added to the water. Laboratory 
investigation reveals that a number of surface active 
agents are satisfactory for the purpose of lowering 
the interfacial tension sufficiently to allow the wet sand 
to be blended smoothly in the oil. Among the agents 
found to be satisfactory are certain of the common 
household detergents. The detergent is mixed into the 
water prior to the addition of the sand. When the 
resulting wet sand is mixed into the oil, it forms a very 
fluid mixture, and the sand remains strongly water-wet. 


FIELD EXPERIENCE WITH WATER-WET SAND 
FRACTURING WITH WATER-WET SAND 


Humble has performed more than 150 fracturing 
Operations with water-wet sand in an oil carrier. 

The results indicate that use of water-wet sand is 
helpful in obtaining better fracturing results. For 
example, in one East Texas field, two wells were frac- 
tured with water-wet sand. The oil potentials imme- 
diately after fracturing were 57 B/D and 63 B/D, 
respectively, which are comparable with the best results 
obtained in any part of the field. Furthermore, the 
productivity of these wells had not declined five months 
after the fracturing treatments were performed. 

In a North Texas field, two wells were fractured 
with water-wet sand. The results of these jobs together 
with the result of an oil-wet sand job in a comparable 


328 


well are given in Table 3. From these data it is evident 
that much better results were obtained by the use of 
water-wet sand in Well B than those obtained by the 
use of oil-wet sand in Well C. The productivity result- 
ing from the water-wet sand job in Well A was about 
the same as that obtained with oil-wet sand in Well 
C even though less sand was used on the water-wet 
sand job. 


GRAVEL PACKING WITH WATER-WET SAND 


Another application for water-wet sand is in gravel- 
packing operations. This application is illustrated by 
the experience gained in gravel packing a well in South- 
east Texas. A prior attempt to gravel pack this well 
conventionally was unsuccessful because of flow of 
formation sand into the wellbore before screen and 
liner could be set. The second gravel-pack job utilized 
water-wet sand. It was accomplished with the screen 
and liner in place, and a total of 10,000 Ib of sand 
in 9,820 gal of 30-gravity lease crude oil was injected. 
The well produced 105 B/D with 6 per cent salt 
water, which is a relatively high productivity for this 
type of completion in this particular area. 


SAND-FLUIDITY—AN ADDITIONAL ADVANTAGE 


During the course of the field applications, an un- 
expected advantage of mixtures of water-wet sand and 
oil was discovered. It was found that the sand, if 
allowed to settle, did not form a compacted mass as 
is normally the case; rather, it settled into a fluid mass 
that flowed easily. This property of wet sand-oil mix- 
tures has been verified in the laboratory. The follow- 
ing ways to take advantage of this property have been 
developed by field personnel. 


MITIGATION OF SANDOUT DIFFICULTIES 


In one fracturing operation conducted in an East 
Texas well, the pumping equipment failed when the 
wellbore was full of oil containing water-wet sand. 
Injection ceased for 45 minutes while the pump truck 
was being repaired. A sandout was anticipated but did 
not develop. After repair of the equipment, pumping 
was resumed, and the remainder of the sand was in- 
jected into the formation. 


In another fracturing operation conducted in a West 
Texas well, a sandout was experienced after 27,000 Ib 
of water-wet sand had been injected into the wellbore 
(down tubing and annulus). The treatment was stopped, 
the tubing was connected to a tank and 8,000 lb of 
sand was circulated out of the hole. The well was 
placed on production. It is believed that this well would 
have required an expensive clean-out operation had an 
ordinary, dry sand-in-oil job been performed. 

In a fracturing job in a Texas Gulf Coast well, a 
sandout was encountered at the end of the first 5,000- 
gal stage of an attempted four-stage fracturing job. 


TABLE 3—COMPARISON OF WATER-WET AND OIL-WET SAND FRACTURING 
IN COMPARABLE WELLS IN NORTH TEXAS FIELD 


Evaluation 
Factor (bbl 
Fracture GOR Perforations fluid/day/ft of 
Well Treatment Fluid Oil Water (cu ft/bbl) (ft) perforations) 
5,000 gal 
6,000 Ib 45) 10 7.9 
water-wet sand 
5,000 gal 
B 5,000 Ib 208 208 Trace 353 15 13.9. 
water-wet sand ; 
10,000 gal 
10,000 Ib 1108 10 8.5 


oil-wet sand 
*Approximately one month after initial completion and fracturing. 
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Attempts were made to reverse circulate the well, but 
the circulating device in the packer would not open. 
After four hours the circulating device was finally 
Opened, and the concentrated water-wet sand and oil 
mixture remaining in the tubing was reverse-circulated 
without difficulty or excessive pump pressure. It is 
believed that this well, which is 10,000-ft deep, would 
also have acquired an expensive clean-out operation 
had an ordinary dry sand-in-oil job been performed. 


PLACEMENT OF SAND WITH DUMP BAILER 


In the placement of sand by the dump-bailer tech- 
nique, Often the sand becomes packed in the dump 
bailer and cannot be completely dislodged. It has been 
found that wetting the sand with the same solution 
normally used in water-wet sand fracturing operations 
eliminates this difficulty, and all of the sand in the 
dump bailer falls freely into the wellbore when the 
bailer release is actuated. 


CONCLUSIONS 


Theoretical considerations indicate that water-wet 
frac sand gives appreciably higher productivities in 
hydraulically fractured wells than does oil-wet sand. 
Laboratory studies confirm this conclusion. 

Water-wet sand can be maintained in fracturing 
operations employing oil as the carrier by simply wet- 
ting the sand with water containing a small quantity of 
a suitable detergent prior to dispersing the sand in the 
oil. 
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Water-wet sand has been used in more than 150 
fracturing jobs. In general, these jobs have resulted in 
well productivities higher than those which have been 
obtained in the past with the conventional sand-oil 
procedure. 


The use of water-wet sand in sand-oil fracturing 
operations has the added advantage of providing a 
fluidized settled mass in case of sandouts or equipment 
failure. This fluidized settled mass, unlike compacted 
sand, can be easily removed by circulation. This per- 
mits less expensive, low-rate fracturing jobs to be con- 
ducted without the risk of incurring costly clean-out 
operations, 


Placement of sand by dump bailer is facilitated by 
wetting the sand with a water solution of a suitable 
detergent. 
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Effects of Crude Oil Components on Rock Wettability 
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The effects of crude oil components on the wettabil- 
ities of sandstone and limestone were investigated. 
Fractions containing components differing in molecular 
weight and molecular structure were obtained from 
crude oils by distillation, extraction and chromatography. 
Individual fractions were then tested for their effects on 
rock wettability. Tests indicate that sandstone wetta- 
bility may be changed by a complex variety of surfac- 
tants varying both in molecular structure and molecular 
weight. Limestone appears to be particularly sensitive 
to basic, nitrogenous surfactants. 


ENT RODUCTION 


Investigations in recent years have shown that petro- 
leum reservoir rock wettability can exert a significant 
influence on the efficiency with which oil can be pro- 
duced by water flooding. While most reservoirs are pre- 
sumably water-wet, they may range in their degree of 
water-wettability from near-neutral to strongly water- 
wet.’” Reservoir wettabilities other than strongly water- 
wet are likely to be induced by adsorption of surface- 
active components from the crude oil on the pore walls 
of reservoir rock.’ Little is known, however, about the 
nature of the surface-active materials which are likely 
to be adsorbed by the reservoir rock. Due to the com- 
plexity of crude oils, attempts made in the past*” to 
isolate these surface-active components have met with 
only limited success. 


It is probable that many different types of surface- 
active materials are indigenous to crude oils and that 
many of these may be adsorbed to varying degrees by 
reservoir rock, This was explored in the studies dis- 
cussed in this paper. 


The over-all objective in these studies is to ascer- 
tain whether the wettability of a given reservoir can be 
determined by examining the surfactant content of the 
reservoir crude. To this end, crude oils were examined 
to determine the variability of indigeneous surfactants 
with regard to chemical type and molecular weight. 
Crude oils were separated by distillation into fractions 
differing principally in molecular weight, by chroma- 
tography into fractions containing compounds differ- 
ing in polarity, and by solvent extraction into nitro- 
genous and non-nitrogenous fractions. Individual frac- 
tions were then tested for their effects on the wettabil- 
ities of sandstone or limestone rock samples. 


Original manuscript received in Society of Petroleum Engineers 
office April 3, 1959. Revised manuscript received Oct. 2, 1959, Paper 
presented at the AIChE-SPE Joint Symposium in Kansas City, Mo. 
May 17-20, 1959. 


References given at end of paper. 


330 


JERSEY PRODUCTION RESEARCH CO. 
TULSA, OKLA. 

ESSO RESEARCH AND ENGINEERING CO. 
LINDEN, N. J. 


EXPERIMENTAL PROCEDURES 


FRACTIONATION OF THE CRUDE OILS 


Samples of Miocene, Eocene and Jurassic crudes 
were distilled at temperatures not exceeding 200°C. The 
final stages of distillation were completed in a molec- 
ular still at pressures down to three microns of mer- 
cury. Fifteen to 30 fractions were obtained from each 
crude oil. These cuts were sufficiently broad that sep- 
aration can be considered to have been effected princi- 
pally on the basis of the molecular weights of the con- 
stituents of the crude oil. A considerable portion (20 
to 40 per cent) of the crudes would not distill under 
these conditions. The residues were recovered and tested 
with the other fractions. 


Fractions differing in polarity were separated from a 
crude of Pennsylvanian age and an extracted sample of 
Miocene oil by chromatography, using a solid adsorb- 
ent. Since surfactants are, for the most part, polar com- 
pounds, chromatography should separate many of the 
surfactants from the crude oil. Such a separation should 
provide fractions containing compounds differing in 
molecular structure. 


Nitrogeneous compounds were extracted from Mio- 
cene crude oil with a solution of sulfuric acid in meth- 
anol. The residual oil was further processed by choma- 
tography. 

Each of the fractions obtained by these procedures 
was dissolved in a non-polar solvent (xylene) and di- 
luted to its original concentration in the crude oil. No 
attempt was made to maintain an anaerobic atmosphere 
above the samples while they were being dissolved. 
These solutions of the fractions were then tested for 
their effects on the wettability of sandstone and lime- 
stone as discussed in the next section. 


MEASUREMENT OF THE EFFECTS OF CRUDE OIL 
FRACTIONS ON ROCK WETTABILITY 


No entirely satisfactory method for measuring rock 
wettability has yet been developed. All methods used 
are empirical. The imbibition test was used in these 
studies. This test is based on the tendency of a rock to 
imbibe the wetting phase spontaneously. For example, 
if a strongly water-wet rock is first saturated with oil 
and then placed in water, the water will quickly invade 
the rock by capillarity and much of the oil will be dis- 
placed. If the rock is slightly water-wet, water imbi- 
bition will proceed more slowly and, in many in- 
stances, considerably less oil will be displaced. A water- 
saturated, oil-wet rock will imbibe oil. The initial rate 
with which water (or oil) imbibition takes place indi- 
cates, qualitatively, the degree of water (or oil) wet- 
tability of the rock. 


PETROLEUM TRANSACTIONS, AIME 


Representative imbibition curves for a strongly water- 
wet rock and for the same rock after it has become 
slightly water-wet by contact with one of the crude 
oil fractions are shown in Fig. 1. The volume of water 
imbibed (as a percentage of the total pore volume of 
the rock) is plotted vs time. The imbibition data ob- 
tained on the core when strongly water-wet are used as 
reference data in estimating the wettability of the rock 
after its exposure to the crude oil fraction. In the ex- 
ample shown, the initial rate of imbibition observed in 
the reference run is 0.8 pore volumes per hour. After 
contact with the crude oil fraction, the initial rate of 
imbibition is reduced to 0.08 pore volumes per hour. 
This latter rate, when expressed as a percentage of the 
reference rate of imbibition, is termed the “relative 
rate” of imbibition. In this example, the relative rate 
is 10 per cent. The relative rate of imbibition is a quali- 
tative measure of the effect which the crude oil fraction 
has on the wettability of the rock. A low value of the 
relative rate indicates that the crude oil fraction has a 
marked effect on the wettability of the rock. In some 
instances, the rock becomes oil-wet and will not imbibe 
water, but will imbibe oil. In these cases, the relative 
rate is calculated in the same manner, but its value is 
expressed as a negative number. 


The effects of the various crude oil fractions on the 
wettabilities of both sandstone and limestone rock sam- 
ples were evaluated. The sandstone samples contained 
less than 1 per cent clay; the limestone samples were 
essentially pure calcite. The rock samples were first 
made strongly water-wet by muffling them at 400°C 
for 24 hours. Reference water imbibition data were then 
obtained after saturating the rock samples with refined 
white oils. These refined oils had the same viscosity as 
the solutions of the crude oil fractions. The rocks were 
then remuffled and saturated with the solution of the 
crude oil fraction to be tested. After a 24-hour expos- 
ure period, during which the rock remained in contact 
with the oil phase, the water imbibition behavior of 
the saturated rock was again observed. 


ANALYSIS OF IMBIBITION DATA 
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MOLECULAR WEIGHT DISTRIBUTION OF 
SURFACTANTS IN CRUDE OILS 


The effects of the distillation fractions from the Juras- 
sic crude on the wettability of sandstone are summarized 
in Fig. 2. Relative rates of imbibition of the sandstone 
after exposure to each of the fractions are given by 
the horizontal bars in this figure. Fraction numbers are 
in the order of increasing boiling point. Lower boiling 
fractions from the crude do not appreciably reduce the 
water-wettability of the sandstone. As the fractions in- 
crease in boiling point, their effects on the wettability 
of the sandstone also increase. The residue from the 
distillation reverses the wettability of the rock, causing 
it to become oil-wet. The effect of the original crude 
oil sample on the rock wettability is similar to that 
of the distillation residue. 


EFFECTS OF DISTILLATION FRACTIONS ON 
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EFFECTS OF DISTILLATION FRACTIONS ON WETTABILITY 
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The trend of increased wettability effect with increas- 
ing boiling point is again shown in Figs. 3 and 4. These 
figures summarize the data obtained in tests of the 
Eocene and Miocene crudes. Fractions from both of 
these crudes can reduce the water-wettability of both 
limestone and sandstone, although sandstone is gener- 
ally more sensitive to the fractions than is limestone. 


The residues from distillation of these two crudes also 
have a greater effect on rock-wettability than any of the 
other fractions. It is apparent that a considerable por- 
tion of the surfactants in the crude oil are very high 
molecular-weight compounds. However, many of the 
relatively low-boiling fractions also reduce the water- 
wettability of rock samples. Thus, crude oils contain 
surface-active materials covering a wide range of boil- 
ing points; this indicates that they also fall in a broad 
range of molecular weights. 


POLARITY DISTRIBUTION OF SURFACTANTS 
IN CRUDE OILS 


It is probable that the organic compounds in crude 
oils which are most likely to be adsorbed on reservoir 
rock are components which contain elements in addi- 
tion to carbon and hydrogen. The most convenient 
means of separating these components is by solid ad- 
sorbent chromatography. In this technique, the various 
components in organic mixtures have greater or lesser 
affinity for the solid adsorbent. The more polar the sub- 
stance, the greater the affinity it has for the solid ad- 
sorbent. When a crude oil is passed through a column 
containing finely divided, solid adsorbent, some of the 
oil will be adsorbed on the surfaces of the grains. The 
strength of the bond between the solid and the organic 
molecule depends largely on the polarity of the mo- 
lecule. As a general rule, compounds more polar than 
the adsorbed compounds will displace them from the 
column. Hence, if a polar solvent is flushed through the 
column, all the materials of lower polarity will be re- 
moved. By increasing the polarity of the solvent, com- 
pounds of increasing polarity may be removed from 
the chromatographic column. 


A sample of crude oil of Pennsylvanian age was frac- 
tionated by chromatography on Weiler sandstone which 
had been ground to 100-mesh size and cleaned by muf- 
fling at 400°C. The column was contacted with an ex- 
cess of the crude oil, allowed to stand for 24 hours, and 
then washed with several volumes of heptane. The col- 
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umn was then eluted with a series of solvents starting 
with benzene, which is relatively non-polar. Table 1 
shows the solvents used, the amounts of material re- 
moved from the column by each solvent, and the rel- 
ative rates of imbibition of sandstone samples exposed 
to xylene solutions of the fractions. 


The benzene extract markedly decreases the wetta- 
bility of sandstone. Smaller amounts of material were 
removed by each of the additional solvents. These frac- 
tions also decrease the wettability of sandstone but not 
to the extent of the benzene fraction. It is apparent, 
however, that even weakly polar compounds may affect 
the wettability of rocks. 


DISTRIBUTION OF NITROGEN COMPOUNDS 
IN CRUDE OIL SURFACTANTS 


Wide differences in polarity of compounds result from 
significant variations in molecular structure. Further- 
more, polarity is usually associated with the presence 
of nitrogen- sulfur- or oxygen-containing functional 
groups. Thus, the results presented above indicate that 
the compounds which change rock wettability contain 
nitrogen, sulfur or oxygen. These elements are usually 
found in the basic or acidic organic compounds in crude 
oils. 


The organic bases are principally those compounds 
which contain nitrogen. This is the basis for the sep- 
aration of nitrogeneous from non-nitrogeneous crude 
oil components by extraction with a methanol solution 
of sulfuric acid.” In a sulfuric acid-methanol extraction, 
the sulfuric acid neutralizes the basic nitrogen com- 
pounds, forming salts which are soluble in the methanol. 
This technique was used to extract a sample of Miocene 
crude oil. The extract from this separation was neu- 
tralized and washed. The extract markedly reduces the 
wettability of both sandstone and limestone, thereby 
causing both types of rock to become near-neutral in 
wettability. The residual oil from the extraction has 
little effect on the wettability of limestone but causes 
sandstone to become oil-wet. The residual oil should 
contain all of the acidic components initially present in 
the crude oil. It is, perhaps, surprising that the lime- 
stone, which has a basic surface, is less sensitive to the 
acidic components in the crude than it is to the basic 
nitrogenous components. Similarly, the sandstone, which 
has an acidic surface, is nearly as sensitive to the acidic 
components as to the basic components of the crude. It 
is apparent from these results that the adsorption of 
surfactants to rock surfaces is not a simple acid-base 
reaction. Furthermore, it is apparent that those surfac- 
tants which have the most effect on the wettability of 
limestone are probably nitrogenous organic compounds. 


This latter point is further illustrated in Fig. 5. These 
data were obtained after the residual oil was separated 
by chromatography on alumina. The fractions indicated 
in this figure were obtained by eluting the column with 
(1) 4 per cent benzene in pentane, (2) 10 per cent ben- 
zene in pentane, (3) 24 per cent benzene in pentane, (4) 
benzene, (5) 50 per cent benzene in 2-propanol, and 
(6) methanol. 


None of these fractions have an appreciable effect on 


TABLE 1 — SOLVENT ACTION 
Amount Removed Relative 
Solvent (Weight per cent of Total Material) Imbibition Rate 

Heptane Wash 98.92 — 
Benzene 0.69 0.1 
Chloroform 0.20 10.4 
Methanol 0.13 18.7 
Methanol and Pyridine 0.03 Zia 
Acetone 0.03 15.5 
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the wettability of limestone, although the benzene and 
methanol fractions reduce its wettability slightly. On 
the other hand, four of the six fractions markedly re- 
duce the wettability of sandstone. Fraction 5, which is 
the first fraction eluted by a moderately polar solvent, 
causes sandstone to become oil-wet. This is the only 
well-defined fraction obtained by any of the separation 

techniques which induces oil-wetness. 


The striking differences between the effects of the 
fractions on the wettability of sandstone and of lime- 
stone indicate that these two rocks selectively adsorb 
different types of surfactants. However, more specific 
conclusions as to the structure of these surfactants can- 
not be made without further analysis. 


DISCUSSION 


These exploratory studies were conducted as part of 
a continuing investigation of the surface and interfacial 
properties of reservoir systems. It is now apparent that 
many of these properties are governed by surfactants 
in the reservoir crude oil. The crude oils examined all 
appear to contain a complex variety of surfactants cov- 
ering broad ranges of molecular weights and polarities. 

The results presented suggest that the wettability of 
sandstone reservoirs may be governed by the concentra- 
tion of the surfactants in crude oil. Sandstone appears 
not to adsorb selectively any one specific type of sur- 
factant. Limestone reservoir rocks, on the other hand, 
appear to be particularly sensitive to basic, nitrogenous 
surfactants. 

The lack of selective sensitivity of sandstones to sur- 
factants probably indicates that chemical examination 
of reservoir crude by the methods described here is an 
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impractical means for determining the wettability of 
sandstone reservoirs. However, similar tests for lime- 
stone reservoirs offer more promise because of the selec- 
tive sensitivity of limestone to nitrogeneous compounds. 
Adequate evaluation of the feasibility of such a proce- 
dure will require further investigation. 


The authors are indebted to Jersey Production Re- 
search Co. and to Esso Research and Engineering Co. 
for permission to publish this paper. They are indebted 
also to Mrs. Madelen Rey and Miss Janet Eastham, 
who obtained much of the experimental data. 
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The cost of finding and developing new reserves is 
continually rising. We must meet these rising costs with 
more economical operations. This can be accomplished 
if we revise our ideas of proper well spacing and well 
allowables to consider the concept of optimum well 
spacing. According to this concept, the optimum spacing 
is the one which leads to the maximum present worth 
for a reservoir when all factors affecting total cost and 
total revenue are considered and when the wells are 
produced in the most efficient manner. Application of 
this principle efficiently utilizes available well potential 
and properly considers the recovery efficiency in addi- 
tion to fixing the spacing on the basis of the amount 
and value of the oil to be recovered. 


This study presents an analysis of one producing zone 
containing low gravity crude to illustrate the effect of 
these factors on the present worth and on the optimum 
economic spacing under two production drives—evolved 
gas and water drive. The maximum present worth oc- 
curs when the optimum number of wells for open-flow 
operation is employed. Frequently, this optimum devel- 
opment calls for very wide spacing and the ideal field 
rates are not unreasonable. Under other circumstances 
where proration is necessary, an optimum combination 
of well spacing and well allowable exists which permits 
production at relatively high rates. 


The optimum well density in a field depends on the 
recovery efficiency and the value of the oil. In solution 
gas-driven reservoirs this optimum spacing for opera- 
tion at high producing rates can vary from extremely 
wide spacing to handle viscous low gravity oil in thin 
formations to relatively close spacing in thick sands 
where good recoveries are expected. Because of the 
better recovery from water-driven fields, the optimum 
spacing in these fields is closer than in solution gas- 
driven fields. Also, the water encroachment pattern is 
dependent upon the well spacing, and an adequate num- 
ber of wells is needed to assure a good sweep efficiency. 
The economic optimum well density in a water-driven 
field is high enough for this purpose. 


DNR OfD 


From year to year domestic oil becomes more diffi- 
cult to find. The fields we do locate are frequently 
smaller and deeper than older fields and the costs for 
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men, material and equipment are continually rising. To 
replenish our reserves we must continue to search for 
and develop new fields, but experience has shown we 
cannot expect prices to rise in proportion to costs. Con- 
sequently, we must meet increasing costs by more eco- 
nomical operations. A vigorous effort is being made 
within the industry to improve exploration methods, to 
cope with the problems of deeper drilling, and to obtain 
a secondary yield from older fields. Many significant 
contributions have resulted from these efforts. 


The economic operation of new fields can be further 
improved by developing these fields on optimum spacing 
and producing the wells at higher rates. This would 
avoid the drilling of unnecessary wells and provide ad- 
ditional capital for seeking new oil. While the benefits 
of these practices are obvious, the problem of defining 
the optimum development of a field for natural deple- 
tion can become very complex. 


A study of the effect of well spacing and several res- 
ervoir variables on economic worth of a specific field is 
reported here to illustrate the problem and to show 
the magnitude of the benefits to be realized. This study 
is necessarily limited to the field conditions selected and 
is not intended as a general solution of the well spacing 
problem. It does, however, indicate factors to be con- 
sidered, the trends to be expected, and the direction in 
which we should proceed in developing new fields. No 
consideration is given to land and legal considerations 
which might arise. 


M.E T:H-O ALY 


The optimum method of developing and producing 
a field is to use the combination of spacing and prora- 
tion which gives the maximum return. In addition, we 
do not want to lose recovery. These considerations of 
maximum return and maximum recovery present no ser- 
ious conflict, The value of each method of operation is 
conveniently expressed in terms of its present worth. 
According to the present worth method of evaluation,’ 
an acceptable annual percentage return is assigned to 
the operation, and all incomes, capital costs, and ex- 
penses are discounted at this rate to the start of the op- 
eration. This net value is the present worth. If we apply 
the same discount rate to several alternate methods of 
operation, the one yielding the greatest present worth 
is the best method. 


If we express net income in terms of price per bar- 
rel of oil produced, drilling and equipment costs on a 
well basis, and expenses as cost per well year, this evalu- 


Reference given at end of paper. 


PETROLEUM TRANSACTIONS, AIME 


ation relates present worth to the number of wells 
drilled, the oil in place, the recovery efficiency and the 
production rate of the wells. For a particular field the 
interrelation of these factors can be determined from 
the reservoir characteristics, and the factors under our 
control can be studied. For example, by holding other 
factors constant, the number of wells can be varied 
until the present worth is maximized. The other factors 
can also be systematically investigated. A complete pres- 
ent worth analysis would include exploration costs and 
taxes. For simplicity, these items have been neglected. 
The present worth values cited ‘are on a pre-tax basis, 
and a part of this present worth is chargeable against 
the cost of finding the reservoir. While the present worth 
trends reported are in excess of the true values of the 
property, they give a pre-tax measure of the relative ad- 
vantage of various methods of developing and operating 
the reservoir. 


The definition of present worth means its value de- 
pends on the discount rate employed in the computa- 
tion. Under extreme conditions, it is easily recognized 
that the discount rate assumed can have a major influ- 
ence on the optimum development. If a company had 
no profit motive (and could use a discount rate of 0 
per cent), it could drill the minmum number of wells 
required to recover the oil. At very high discount rates 
a large number of wells would be needed to meet these 
demands, Because of the possible influence of discount 
rate on the results of this study, two values (10 and 15 
per cent) were considered. 


FACTORS AFFECTING OPTIMUM 
DEVELOPMENT 


One of the principal considerations in defining opti- 
mum field development is the driving mechanism under 
which the field is produced. Since this was not known 
at the time this study was made, it was decided to in- 
vestigate two extreme mechanisms. First, the field was 
assumed to be solution gas driven, This mechanism gives 
the lowest recovery and the most rapid decline in well 
potential. Its value was therefore expected to be low 
even when operated as economically as possible. Opti- 
mum development under these conditions represents 
the minimum development required and serves as a 
guide in the early development while water-drive pros- 
pects are being investigated. Later the field was assumed 
to be produced under a very strong water drive, which 
gives maximum natural depletion recovery at the best 
potentials. Optimum development under these conditions 
indicates the maximum number of wells needed under 
the most favorable conditions. 

The field consisted of several long, narrow fault line 
structures at a depth of about 6,500 ft. One of these 
sands has been selected for study here. This sand con- 
tained 10 million bbl of 26° API oil initially, had an 
initial productivity index of one and was produced 
through dually completed wells. From PV and relative 
permeability data, the solution gas-drive recovery was 
estimated at about 18 per cent. The pressure, gas-oil 
ratio, and relative productivity index are related to re- 
covery in Fig. 1. This information describes the recov- 
ery history in terms of the number of wells drilled and 
the allowable of these wells and also permits estimates 
to be made of the net value of the oil and of drilling 
and operating costs, which will vary somewhat among 
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operators. The values used in this study are given in 
Table 1. Since this is a foreign operation, the costs as- 
sumed for the calculations are higher than those en- 
countered domestically. While these high costs will af- 
fect the magnitude of the benefits under optimum field 
development, they will not affect the general trends 
established, so the finding can be applied to operations 
in this country. 


In the water-drive study it has been assumed that the 
reservoir pressure is sustained by water encroachment. 
As a result, high well potentials are sustained until water 
encroaches to the producing wells, and the decline in 
these potentials after breakthrough is due almost en- 
tirely to the increase in water production. Also, it is 
estimated that essentially all of the flowable oil is dis- 
placed from the flooded region. Under these conditions, 
the water-drive recovery history depends directly upon 
the sweep efficiency of the encroaching water. 


Porous model studies were made of the sweep effi- 
ciency to be anticipated. Because the formation was so 
narrow, we could limit this study to cases involving only 
one row of wells. The obvious location for these wells 
is along the fault, but drilling there is hazardous so we 
also investigated the sweep efficiency to wells cen- 
trally located between the fault and the initial water- 
oil contact. In both cases sweep efficiency was found to 
depend upon the shape of the drainage area. The re- 
sults of these laboratory studies are reported in Fig. 2 
in which the shape of the drainage area is defined in 
terms of the length: width ratio. The curves relate sweep 
efficiency to the total oil and water production. The 
slope of the curve at any point is a measure of the 
water cut at that sweep efficiency. 


Several qualitative conclusions can be drawn from 
these curves. As already anticipated, better recovery and 
deferred water production are obtained by completing 


TABLE 1—ASSUMED REVENUE AND DEVELOPMENT AND OPERATING COSTS 


Drilling and Completion Cost ..................-.-.... $48,000/completion* 


Operating Cost 


*Taken as one-half of actual well cost since wells were completed dually. 
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wells near the fault. Since centrally located wells give 
reasonably good recoveries, exploratory wells to define 
the fault can be drilled to the sand at a safe distance 
from the fault and still be fairly attractive. Develop- 
ment wells should be drilled just far enough from the 
fault to eliminate the hazard of missing the productive 
zone. 


By studying the slopes of the curves, it is found that 
recovery to some abandonment water cut is a function 
of spacing. This is particularly important at wide spacing. 
For intermediately spaced wells the additional recovery 
is small—at some point it becomes inadequate to meet 
the cost of the additional wells. In the center-well case, 
too close spacing can lead to a loss in recovery. This is 
readily recognized when it is noted that sweep efficien- 
cies considerably in excess of 50 per cent are achieved 
at the spacings studied. This means that a portion of 
the reservoir beyond the wells is being swept. At very 
close spacing, less of the area beyond the well is swept. 


OPTIMUM DEVELOPMENT — SOLUTION 
GAS DRIVE 


If we assume that each well is produced at an allow- 
able of 1,000 B/D regardless of the number of wells 
drilled, the variation in the present worth with num- 
ber of wells is given in Fig. 3. This figure illustrates 
several features of the present worth analysis. By plot- 
ting the results in this manner the number of wells is 
treated as a continuous function, and the optimum 
usually occurs at some fractional number of wells. This 
approach is convenient mathematically, and the results 
are readily converted to the practical integral number 
of wells to be drilled by selecting the integer below the 
theoretical optimum. The lower value is selected rather 
than the higher because the well in questicn is just 
barely earning the assigned return, and the investment 
in this well could probably be used to greater advan- 
tage elsewhere. 


This figure also shows that, at a 15 per cent discount 
rate, four wells are optimum to produce the reservoir 
under these conditions, and a present worth of $1,700,- 
000 is realized. This optimum is fairly sharply defined 
by this method and is not significantly influenced by 
the assumed discount rate within the 10 to 15 per cent 
range studied. These conditions were found to hold in 
all of the cases studied. For the sake of brevity, we 
have confined the discussion of results to consideration 
of a 15 per cent discount rate. 


The solution gas-drive recovery history from these 
four wells is given in Fig. 4. This curve shows the sharp 
decline in production rate and relatively short life as- 
sociated with the optimum development of a field. This 
rate-decline history is not typical of domestic opera- 
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tions because optimum development is rarely achieved. 
It should be kept in mind that, in the assumptions made 
to represent this foreign operation, an allowable restric- 
tion was imposed for a brief period and then the field 
was depleted under open-flow conditions, that large ca- 
pacity pumps were employed, that no shut-down days 
were imposed, and that because of the high operating 
costs the wells had to be abandoned at relatively high 
rates of about 10 B/D. 


The variation in present worth of the sand with num- 
ber of wells was also computed for open-flow produc- 
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tion and for controlled production rates of 300 and 500 
B/D/well. The results are summarized in Fig. 5. In 
this figure the number of wells has been expressed in 
terms of the spacing employed. Here the maximum re- 
turn under solution gas-drive conditions is realized un- 
der open-flow conditions from wells on a wide (240- 
acre) spacing. Compared with the frequently used 40- 
acre spacing, this method of operating the field saves 
the cost of drilling 21 wells and produces about four 
times the present worth. In the range of spacing cur- 
rently employed, the present worth increases rapidly 
with spacing. While the wider optimum spacings are 
preferred, much could be accomplished by simply dou- 
bling the spacing frequently employed at the present 
time. 


If production from the field is controlled on a well 
allowable basis, there is some incentive to drill on closer 
spacing to maximize the return from the field. This in- 
centive is relatively small, amounting to only about 1.4 
wells for an allowable of 300 B/D/well compared with 
open-flow production. Even with the additional drilling, 
the present worth potential of the field has been re- 
duced 12 per cent by restricting the wells to this allow- 
able. 


Since the optimum method of developing the field 
represents a wide departure from current practice and 
since some form of proration is needed, we should con- 
sider the practicality of operating at higher rates on 
wider spacing. Theoretical studies and actual field pres- 
sure surveys have demonstrated that a well can drain a 
large area and that spacing has only a minor effect on 
recovery by solution gas drive. Consequently, wide 
spacing will not lead to a loss in reserves. The field al- 
lowable corresponding to the optimum development is 
also very reasonable. Optimum field rates for the three 
controlled-rate programs studied are given in Fig. 6 
and compared with the equivalent allowables if the field 
were developed in 40-acre spacing. This figure indi- 
cates the various combinations of spacings and produc- 
tion rates which supply oil at these daily field rates. 
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Under reasonable proration conditions, these curves 
show that there is an optimum development which 
should be employed. This optimum also utilizes the high 
productive capacity initially available. Control is exer- 
cised by the economical means of setting wide spacing. 


OPTIMUM DEVELOPMENT — FULL WATER 
DRIVE 


If the field is found to be strongly water-driven, a 
better recovery will be obtained than under solution gas 
drive, and a much larger present worth can be realized. 
A larger number of wells is required to maximize this 
yield, and consideration must be given to the location 
of these wells with respect to the water-oil contact and 
to the well spacing. Present worth-spacing curves are 
given in Fig. 7 for well allowable rates of 500 and 1,000 
B/D, assuming the field to be strongly water-driven. 
The effect of discount rate on the optimum well density 
was again found to be small. For comparison, these 
curves are based on the 15 per cent discount rate. These 
curves have several points of similarity with those for 
operation under solution gas-drive conditions. The best 
return is achieved by operating at the highest practical 
well rates. Restriction of these rates leads to about the 
same percentage loss in present worth as for solution 
gas drive. Again, restricting the well rates within the 
range studied has only a small influence on the optimum 
number of wells required. A cross plot of the data 
would show that, if restrictions are based on a field al- 
lowable, the optimum method of producing the field is 
to operate at relatively high rates and increase the 
spacing over the optimum for open-flow operation. 


In a long narrow field like the one under considera- 
tion, it is important to locate the wells as far from the 
water source as possible. Maximum recovery and best 
return are attained in this field by locating the wells 
near the fault. A more cautious drilling program aimed 
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at completing wells midway between the fault and the 
initial water-oil contact leads to a loss of 22 per cent 
in reserves and a loss of 34 per cent in potential pres- 
ent worth. 


At the slightly favorable mobility ratio of the water 
and oil in this reservoir, a good recovery is obtained 
even on very wide spacing. This required an inordi- 
nately long period of operation at high water-cuts. We 
can well afford to drill additional wells to improve the 
present worth of the field by accelerating the recovery. 
If fauit-line wells are employed, reducing the spacing 
continually increases the recovery and decreases the 
life of the field. At close spacing, complete recovery 
of the producible oil is realized. This change in recoy- 
ery with spacing is small, and at the optimum spacing 
the recovery is better than 97 per cent complete. If cen- 
ter wells are employed, the recovery also increases to 
a maximum as spacing decreases. Further reductions 
in spacing represent an over-development of the field 
and result in a loss in recovery. The maximum recovery 
occurs at a spacing close to the economic optimum for 
the conditions studied. 


If the field is found to be strongly water-driven, the 
best operating practice considered is to produce the oil 
at the higher 1,000 B/D rate from fault-line wells. Un- 
der these conditions, the recovery is estimated at 4,100,- 
000 bbl compared with 1,800,000 bbl by solution gas 
drive. The maximum present worth of the field is 
$4,200,000 which is again about 2.5 times greater than 
the maximum attained under solution gas drive. This 
increase is due in part to the improvement in recovery 
and also to the ability to sustain production rates at 
the maximum level during the recovery of a large por- 
tion of the reserves. The optimum field development 
calls for drilling 10 wells, which is also 2.5 times as 
many wells as in the solution gas-drive case. This di- 
rect proportionality in present worth, recovery and num- 
ber of wells is fortuitous and will not exist under other 
reservoir conditions. The ratios are cited to indicate the 
potential value of a water-driven field, developed and 
operated under optimum conditions. 

In view of the number of wells required, the field al- 
lowables and field life implied by the high well rates 
studied (Fig. 8) are not representative of domestic op- 
erations. It should be kept in mind that these results 
apply only under the most favorable operating condi- 
tions of a complete water drive, a condition which is 
rarely, if ever, approached. These conditions were se- 
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lected to define the upper limit of the optimum field 
development rather than to represent realistic field be- 
havior, and we should expect some abnormal results. 
When the actual extent of the water drive is defined, a 
more realistic development would be indicated. Prora- 
tion considerations would further reduce the number of 
wells and extend the life of the field. 


EFFECT OF OTHER RESERVOIR 
CHARACTERICS 


So far the amount of oil in place, the sand thickness 
and areal extent, the productivity index, and the res- 
ervoir and fluid properties have been treated as known 
factors; the conclusions have been limited by the 
values assigned them. It is interesting, therefore, to see 
what effect these factors have on the optimum field de- 
velopment and the present worth of the operation. To 
calculate the performance of a solution gas-driven res- 
ervoir we need to specify the amount of oil in place 
and the productivity index. Usually the sand thickness 
and areal extent of the field have only a minor effect on 
the behavior, apart from their effect on the two factors 
specified. The optimum number of wells required to de- 
velop a field is proportional to the amount of oil in 
place. For these reasons, spacings should be set on the 
basis of oil in place rather than on acreage. For exam- 
ple, the optimum (open-flow) spacing in the field studied 
was about 240 acres. Another sand containing the same 
amount of oil of similar properties and having the same 
productivity index and relative permeability charac- 
teristics, but being three times as thick, would require 
the same number of wells for optimum development 
and would yield the same present worth. This field 
should be developed on 80-acre spacing. 

For solution gas-driven fields having fluid and rock 
properties similar to the field studied but with differ- 
ent productivity indices, the optimum development 
(Fig. 9) is conveniently expressed in terms of the num- 
ber of wells required per million barrels of oil in place. 
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If high allowables are employed, somewhat fewer wells 
are required at high productivity indices than at lower 
productivity indices. The flush production is obtained 
in a reasonably short time for the smaller number of 
wells, and there is no advantage in additional drilling 
to accelerate the stripper production. At low allowables, 
some increase in the number of wells with productivity 
index is indicated in order to accelerate the flush pro- 
duction. This increase, however, is small. Although the 
variation in the optimum number of wells with produc- 
tivity index is not large, substantially better present 
worths (Fig. 10) can be realized from high produc- 
tivity index fields. High allowables are necessary to 
realize the benefits of a good productivity index. Un- 
der highly restricted rates, these natural benefits can 
be essentially dissipated. 


In a water-driven reservoir, the shape of the drain- 
age area influences the recovery efficiency; and to esti- 
mate the performance of a long, narrow reservoir, it is 
necessary to define the distance from the water-oil con- 
tact to the fault and the distance between wells, in ad- 
dition to the oil in place and the productivity index. For 
our purpose we could consider the permeability to re- 
main constant. With this assumption and considering 
the wells uniformly spaced, we were able to treat the 
oil in place, the width of the sand and the productivity 
index as independent variables. The distance between 
wells is defined by these quantities. 


The optimum number of wells per million barrels 
of oil in place and the present worth under the op- 
timum development are given in Figs. 11, 12 and 13. 
Optimum well density in Fig. 11 is related to the 
product of the square of the distance from water-oil 
contact to the fault and the productivity index in the 
water-drive study. This product is a measure of the 
ratio of sand width to distance between wells and de- 
fines the spacing which should be employed. A very 
good correlation was obtained on this basis, which em- 
phasizes the importance of this ratio in determining the 
optimum number of wells. 
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The present worth of a field depends on the recoy- 
ery, the rate of production and the operating expenses. 
All of these factors depend on the number of wells 
drilled. Under some circumstances, the interrelation of 
these factors produces a double peak in the present 
worth-number of wells curve. This effect is responsible 
for the sharp break (dashed section) of the curves in 
Fig. 11. For very narrow fields of low productivity in- 
dex, the first peak predominates and determines the 
maximum present worth. As this peak degenerates for 
wider, higher productivity index fields, the second peak 
becomes dominant. At this point the theoretical opti- 
mum number of wells increases suddenly as shown in 
Fig. 11. This explanation is offered primarily to sup- 
port the correlation of results. The sudden discontin- 
uity is of minor importance since the present worth at 
either peak is almost the same. 


Figs. 12 and 13 compare the effect of sand width 
and productivity index on the value of fields of this 
type. They serve to emphasize the importance of drill- 
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ing near the fault, and, as in the solution gas-drive case, 
they indicate that much of the benefit of a good produc- 
tivity index can be lost by producing the wells under 
highly restricted rates. 


We have also investigated the optimum development 
of a similar reservoir containing a viscous 16° API 
oil. Even under these adverse conditions it is possible 
to realize some present worth under solution gas drive 
and to obtain a fairly reasonable return if the sand is 
water-driven, provided proper production rates and 
spacings are employed. For example, the optimum well 
density for solution gas drive is about 20 per cent of 
the density of the first study, and this development will 
yield about 25 per cent as much present worth within 
the range of productivity indices considered. Under a 
strong water drive, the viscous, low-gravity oil can be 
produced from the wider sands in a manner to obtain 
one-third to one-half of the present worth obtained 
from the better crude. To do this, a good sweep of en- 
croaching water must be obtained at adverse mobility 
ratios. This requires relatively close spacing. The op- 
timum well density varies from about 50 to 90 per 
cent of the density required for the better reservoir. 


1. For natural recovery, there is an economic opti- 
mum production rate and well density which will max- 
imize the return from the field. As might be expected, 
the optimum rate for solution gas-driven fields or 
strongly water-driven fields is the open-flow potential of 
the wells. The optimum wel! density can conveniently 
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be defined in terms of the number of wells needed per 
million bbl of oil in place. This well density will de- 
pend primarily upon the amount and quality of oil in 
place, the formation thickness, the type of drive, the re- 
covery efficiency and, to a lesser extent, upon the well 
potentials and the formation depth as it influences drill- 


ing and dperating costs. 


2. At this optimum development, the spacing for 
similar fields will vary widely with formation thick- 
ness—from close spacing for very thick porous forma- 
tions to very wide spacing for thin or low porosity for- 
mations under solution gas-drive conditions. Wide 
spacing is also required for the most economical de- 
velopment of solution gas-driven fields containing vis- 
cous, low-gravity crudes. 


3. Because of the improved recovery, a greater well 
density is economically justified in strongly water-driven 
fields rather than in solution gas-driven fields. For best 
displacement efficiency, these wells should be located as 
far as is practical from the water-oil contact and should 
be spaced to obtain a good sweep by the encroaching 
water. In the long, narrow, relatively permeable field 
studied, these considerations place the optimum spac- 
ing between 80 and 120 acres if the mobility ratio is 
slightly favorable and between 100 and 200 acres if 
the mobility ratio is unfavorable. These ranges repre- 
sent a wide variation in the formation width and thick- 
ness. 


4. The optimum development of many fields for pro- 
duction at high well rates requires relatively few wells, 
and the resulting field rates are commensurate with 
current well spacing and allowable practices. Where 
it is necessary to restrict the field production, this can 
be done most economically by developing the field on 
a wider than optimum spacing. For any field allowable 
there is an optimum combination of spacing and well 
allowable which should be employed. This method of 
operation will permit wells to be produced at relatively 
high rates. 


5. This more flexible method of prescribing well al- 
lowables and spacing has several advantages. By per- 
mitting high well rates, it utilizes the natural potential 
of the wells. By prorating through spacing, it reduces 
capital and operating costs. By employing very wide 
spacings where they are indicated, it can greatly im- 
prove the yield from the thinner formations which are 
becoming more numerous, and it can increase reserves 
by permitting development of otherwise uneconomical 
formations. Through these economies it will also pro- 
vide capital to continue the search for additional re- 
serves. 
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Effect of Pressure and Temperature on Cavities in Salt 


ASSOCIATE MEMBER AIME 


It is deemed feasible to store 
atomic reactor fuel wastes in salt 
dome cavities when the differential 
pressure acting on the cavity does 
not exceed 3,000 psi and the temper- 
ature is less than 400°F. Tests at 
pressure increments of 1,000 psi were 
conducted on a 2-in, cylindrical cav- 
ity contained in a 6-in. long 6-in, 
diameter salt core. The cavity exhib- 
ited stability under pressures up to 
3,000 psi and temperatures to 300°F. 
At temperature ranges of 100 to 
400°F and with pressures of 5,000 
psi and above continuous deforma- 
tion of the cavity resulted. Initial 
movement of the salt was observed 
at all pressures. This was evidenced 
by vertical deformation and cavity 
size reduction. 


ROD 


The development of storage tech- 
niques for safe disposal of atomic 
reactor fuel wastes is a goal of the 
Atomic Energy Commission. Salt 
domes have been used successfully 
for storage of liquefied petroleum 
gases and hence should prove to be 
suitable for liquid waste products of 
atomic reactors. The purpose of the 
following work is to evaluate the 
practicability of utilizing salt dome 
cavities for such wastes and to de- 
termine particularly the effect of 
pressure and temperature on a salt 
cavity. This work represents a part 
of a comprehensive study covering 
the over-all problem of storing re- 
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actor fuel wastes in salt domes and/ 
or salt beds. 

The problem of accurately deter- 
mining the stresses which exist in 
rocks in the earth’s crust is indeed 
a complex one. Theoretical studies 
have differed widely in many of the 
basic assumptions about the physical 
properties of the rock itself. Some 
solutions of problems in underground 
Stress analysis assume that rock is 
elastic, homogeneous and _ isotropic 
in character; others assume that rock 
possesses plastic, viscous, elasticovis- 
cous properties, or a combination 
thereof. Experimental evidence has 
shown that salt possesses plastic, vis- 
cous and elasticoviscous properties.’ 
Recent work has shown that salt be- 
comes more plastic with tempera- 
ture.” 

APPARATUS AND PROCEDURE 

For experimental study a cylin- 


drical cavity was chosen for analysis 
since it provided maximum volume 


1References given at end of paper. 


—STRAIN GAGE 
MEASURING DEVICES 


SWITCH — 


POTENTIOMETER 
FOR MEASURING 


TEMPERA 
COLD JUNCTION 


= 


per unit of depth with constant di- 
ameter. This particular cavity shape, 
allowing for irregularities, can be 
easily leached out of salt domes in 
field operations. 


For the purpose of approaching 
underground storage conditions as 
nearly as possible, the following fac- 
tors were considered: (1) control of 
pressure and temperatures, (2) meas- 
urements of temperature gradients 
throughout salt mass, and (3) meas- 
urement of structural stability of salt 
cavities. 


In order to obtain triaxial pressure 
on the salt cavity without resorting 
to the application of fluid pressure 
directly on the salt mass, a system 
was designed whereby the same ef- 
fect could be produced through axial 
loading only. By cutting a core to 
close dimensions to fit a steel test 
cylinder and applying axial pressure, 
a lateral pressure was obtained. This 
equipment is shown in Figs, 1 and 
2. A steel cylinder was made from 
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an AISI Type 347 (SAE 30347 or 
AMS-5646 stainless steel alloy). This 
high chrome nickel steel (17 to 19 
per cent Cr, 9 to 13 per cent Ni) 
was selected because it offered high 
strength at relatively high temper- 
atures. 


A core, having only a slightly 
smaller diameter than the inside di- 
ameter of the test cylinder, was cut 
from a block of salt and prepared 
for testing. The salt specimen was 
taken from a large 3-ft  3-ft block 
which was removed from the Grand 
Saline mine, Van Zandt County, 
Tex. The original salt block was 
sawed in order to prevent fracturing. 
It was found impossible to cut a 
core for an exact fit in the 6-in. ID 
steel cylinder. However, an excellent 
core was cut with the saw shown in 
Fig. 3. Approximately 0.005-in. taper 
resulted on the salt core. A salt-sat- 
urated cement slurry was used to fill 
in between the salt core and the steel 
cylinder to assure a perfect fit. Ac- 
tually the core fit so closely that 
three small 1/16-in. deep grooves 
were cut the entire length of the 
core to allow cement to travel from 
top to bottom, assuring complete 
covering of the core and elimination 
of all voids between the core and 
cylinder. 


A piston with 0.003-in. clearance 
was utilized on top of the main cylin- 
der so that, upon downward move- 
ment, the salt or cement would not 
have a tendency to flow by the pis- 
ton. The same close fit was utilized 


PISTON 


CEMENT 


SALT 
CORE ————- 


THERMO- 
COUPLE 


HEATING ELEMENT 


THERMO- 


in the center hole through which the 
(0.75-in. pipe carrying the thermo- 
couple leads and heating element 
wire was fitted. Pressure was applied 
by means of a piston such that over- 
burden pressure was simulated. Strain 
gauge measurements on the outside 
of the steel cylinder verified the lat- 
eral pressure effective on the salt 
core. 

Thermometer wells, 3/64-in. di- 
ameter, were drilled in the side of 
the cylindrical wall and in the cen- 
ter of the bottom plate. 


The features of the high-speed salt 
core saw were a thin wall and sharp 
teeth. The main body was made from 
brass and the teeth were high alloy 
steel. This saw proved highly suc- 
cessful and cut 15-in. OD by 7-in. 
long salt cores. Approximately 20 
hours were required to cut a good 
core. Heating of the saw was trou- 
blesome since no liquid could be 
used for cooling for fear of damage 
to or change of the salt characteris- 
tics. Corrosion of surrounding equip- 
ment caused abandonment of the 
use of air for cooling. 


DETAILED PROCEDURE FOR 
LOADING THE TEST 
CYLINDER 

The procedure for loading the salt 
core in the test cylinder prior to the 
test was as follows. 

1. The entire outside surface of 
the core was covered with a thin 
film of epoxy resin to protect it from 
vapors and to prevent entry of water 
from the cement. 
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Fic. 2—Curaway View oF Test CYLINDER. 
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Fic. 3-—DeraiLs of Saw. 


2. An insulated thermocouple was 
installed in the bottom of the cavity 
and adjacent to the wall of the cav- 
ity. This arrangement gave a direct 
reading of the temperature at the 
cavity walls. 

3. The heating element was then 
placed inside the cavity. This inside 
heating element was abandoned after 
three tests and the complete system 
heated from the outside. This was 
accomplished by wrapping flexible 
coiled-type heating elements around 
the outside of the test cylinder. 

4. The small casing (0.75-in. OD 
< ¥-in. ID pipe) was attached to 
the metal packer (2.25-in. OD X 
0.25-in. thick with the 0.75-in. ID 
centered hole) by a ceramic cement 
(Sauereisen). 

5. The packer and casing were 
placed in position on top of the 
2.25-in. shoulder at the top of the 
cavity. To prevent loss of water from 
cement into the cavity, the packer 
was cemented to the walls with a 
ceramic cement. Because of ex- 
tremely close tolerances the casing 
had to be centered exactly. A tem- 
plate, designed so that the pipe could 
be centered in the salt core which in 
turn was centered in the test cylin- 
der, allowed the pipe to be cemented 
in place. 

6. All metal parts in contact with 
salt were coated with a thin film of 
paraffin (from a solution of paraffin 
in kerosene) so that the cement 
would not adhere to the metal parts. 
Removal of the salt core upon com- 
pletion of tests was facilitated thus. 
A salt-saturated 50 per cent cement 
slurry was used for cementing. 

7. The top movable piston was 
placed in position on top of the salt 
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core with approximately 0.50 in. of 
the casing protruding from the top 
of the piston. All necessary leads 
(thermocouple, etc.) were routed out 
through the 0.75-in. casing. 

8. A stainless steel pipe connec- 
tion was made between the 0.75-in. 
casing and the burette. 

9. The thermocouples were lo- 
cated in proper positions. 

10. The completed test cylinder 
was placed in the materials testing 
machine. A slotted plate provided an 
outlet for all leads. 

11. A small load (100 1b) then 
was applied to the test cylinder. At 
this time a dial gauge was installed 
to measure the downward movement 
of the salt with increased load. 

12. Strain gauges were installed 
and thermocouples connected. 

13. If heat was to be applied in- 
ternally to the cavity or externally 
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INTERMEDIATE 


FINAL 


to the cylinder, it was applied at this 
time and maintained until equili- 
brium conditions were reached. 


14. Loads were applied in equal 
increments until a maximum of 400,- 
000 Ib was reached. Strain gauge, 
dial gauge, thermocouple and mer- 
cury volume displacement readings 
were taken at each successive in- 
crease in load. 


15. On some tests the maximum 
of 400,000 lb was maintained for 
several days to observe creep charac- 
teristics. 


16. Upon completion of a test it 
was necessary to remove the salt 
core without destroying it so that 
visual observations could be made. 
The top and bottom were removed 
from the test cylinder, and the core 
was pressed out utilizing a 12-in. 
long < 8%-in. piece of N-80 casing 
and a 6-in. diameter circular press. 
This method proved very satisfactory 
in recovering the core intact; how- 
ever, it was impossible to prevent 
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some horizontal fracturing. Since no 
adherance of cement to steel was 
evident (because of the thin film 
of paraffin existing on the walls of 
the steel cylinder and the salt core) 
no significant shear stresses were de- 
veloped. That is, complete contact 
of the salt core and the confining 
cylinder was obtained, yet vertical 
movement caused no appreciable 
shear of cement. 


Successful temperature control was 
accomplished by heating the steel 
cylinder, Six heating elements with 
a combined capacity of 4,000 w 
were wrapped around the cylinder. 
Variable voltage control provided 
good control of any desired temper- 
ature. Once the coiled elements were 
in place on the 9-in. OD cylinder, a 
12-in. ID metal sheath was placed 
around the cylinder. The space be- 
tween the cylinder and metal sheath 
was packed with insulating material. 
Asbestos insulated leads were used 
near the test cylinder. Thermocou- 
ples were located on the inside, edge 
and bottom of the cavity. Temper- 
ature measurements indicated con- 
stant temperature was maintained 
throughout the salt mass. 
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The individual experiments were 
designed to check cavity stability at 
temperatures of 90 to 400°F and 
over a pressure range of 1,000 to 
16,000 psi. Cavities would eventually 
stabilize in the lower temperature 
and pressure ranges, though some 
were completely closed at higher 
temperature and pressure. Fig. 4 
shows the cavity as initially con- 
structed, an intermediate closed cav- 
ity and a cavity after almost 100 per 
cent closure. Figs. 5 and 6 show 
close-ups of the same cavities after 
test completions. 


Pressure was applied in 1,000-psi 
increments and held constant at each 
pressure loading for approximately 
48 hours, or until cavity stabiliza- 
tion occurred. This stabilization was 
noted when mercury was no longer 
displaced and the dial gauge reading 
remained constant. 


Figs. 7 and 8 show the results at 
90°F for pressure increments of 
1,000 psi up to a maximum of 8,000 
psi. The results of the individual pres- 
sures for this series of tests are 
shown in Figs. 9 and 10. It is noted 
that an abrupt change in cavity sta- 
bilization occurs after 5,000 psi load- 
ing. Figs. 11 and 12 show data from 
a similar test conducted at 400°F 
while Figs. 13 and 14 give results at 
300°F. 


Structural equilibrium is evident 
at the maximum conditions shown 
in Table 1. 


GENERAL DISCUSSION 


Fig. 15 shows the cavity closure 
vs time for six experiments. Experi- 
ments 2 and 4 are shown for a maxi- 
mum possible machine loading of 
15,918 psi at 80° and 90°F, respec- 
tively. Those two experiments, after 
approximately 60 hours, show the 
cavities to reach the same rate of 
closure. It should be noted that the 
graph shows the fractional part of 
cavity closed at each time interval 
rather than the actual rate of clo- 
sure. The two lower curves for Ex- 
periments 5 and 6 show cavity clo- 
sure for the same loading of 8,000 
psi but for temperatures of 90° and 
200°F, respectively. As expected, at 
200°F a greater percentage closure 
occurs. 


Complete cavity closure occurred 
with 8,000 psi loading at 400°F in 


TABLE 1— MAXIMUM CONDITIONS FOR 
STRUCTURAL EQUILIBRIUM 
Temperature Pressure Cavity Closure 
(°F) (psi) (per cent) 

90 4,000-5,000 7.5 to 10 
300 4,000 9 
400 3,000 14 
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approximately 30 hours. At the same 
loading, this compares to a 50 per 
cent closure at 300°F, a 24 per cent 
closure at 200°F, and a 20 per cent 
closure at 90°F. 


Fig. 16 shows a plot of cavity clos- 
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ure vs pressure for temperatures of 
90°, 200°, 300° and 400°F. All 
points were taken after a loading 
time of 72 hours. A decided increase 
in closure occurred at 3,000 psi and 
400°F, 4,000 psi and 300°F and 
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with 5,000 psi and temperatures 
ranging from 90° to 200°F. ‘Len: 
perature becomes a very important 
factor above 300°F. 


SUMMARY AND CONCLUSIONS 


1. It is deemed feasible to store 
reactor fuel wastes in washed out 
cavities of salt domes for limited 
depths and temperatures less than 
300°F. For maximum cooling, tem- 
perature considerations indicate that 
the cavity should be completely 
filled. However, from a structural 
standpoint the inevitable initial creep 
indicates only partial filling of the 
cavity to be desirable. A complete 
filling of the cavity would be safe if 
proper surface pressure relief facili- 
ties were provided. 


2. The differential between over- 
burden pressure and the empty cavity 
should not exceed 3,000 psi. For 
overburden pressure gradients rang- 
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ing between 1.00 and 0.75 psi/ft, 
this would correspond to depths of 
3,000 and 4,000 ft, respectively, for 
completely empty cavities. 


3. It has been shown experimen- 
tally that a salt cavity under simu- 
lated high overburden pressure will 
completely close as a result of plas- 
tic flow. This is a function of both 
temperature and pressure. 

4. Structural stability was attained 


under the maximum conditic 
shown. 
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Effect of Viscosity Ratio on Relative Permeability 
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The mechanism of two-phase flow in porous media 
has been a subject of wide controversy. One of the 
properties essential for understanding the dynamic be- 
havior of two-phase flow is relative permeability. Rela- 
tive permeability to a certain phase is defined as the ra- 
tio of the effective permeability of that phase to its 
permeability when it is the only fluid present and flow- 
ing. 

In this research, a theoretical analysis was made to 
determine the effect of viscosity ratio between the non- 
wetting and the wetting phase on relative permeability. 
Experimental work was conducted to test the validity 
of the derived equations. 


The experiment was conducted on four natural cores. 
Four oils were used as the non-wetting phases with a 
viscosity range of 0.42 to 71.30 cp and two wetting 
phases with a viscosity range of 0.86 to 0.96 cp. Oil and 
brine were made to flow simultaneously at various ra- 
tios, and relative permeability curves were constructed. 
A total of eight relative permeability cycles represent- 
ing eight viscosity ratios were run on each sample. 


It was found that relative permeability to the non- 
wetting phase varies with viscosity ratio. The relative 
effect of this variation on relative permeability values 
was a function of the sample’s single-phase permeabil- 
ity, decreasing with its increase. It was concluded that, 
for samples of single-phase permeability over I darcy, 
the effect of viscosity ratio could be disregarded, and 
relative permeability would be, in effect, a function of 
saturation only. 


MNS Re Cor 


Two-phase as well as multiphase flow occurs in many 
fields of science. This type of flow is of particular inter- 
est in petroleum production. The knowledge of relative 
permeability, which describes the dynamic behavior of 
two-phase as well as multiphase flow, is essential for 
solution of problems arising in that field. 


The relative permeability of a porous medium to a 
given phase in multiphase flow, is generally considered 
to be only a function of the saturation of that phase, 
independent of the properties of fluids involved and 
ranging in value from zero to unity. 


Work by Leverett’ and Leverett and Lewis’ apparently 
supports this concept. In his experiments Leverett used 
a clean, packed unconsolidated sand of high permeabil- 
ity (3.2 to 6.2 darcies) with two phases (water and oil) 
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flowing and a viscosity ratio range of 0.057 to 90.0. 
His results showed that the wide range of viscosity had 
practically no effect on relative permeability-saturation 
relationship. 


Recently accumulated evidence from work performed 
by several laboratories and a paper by Nowak and 
Krueger,’ in which relative permeability to oil of a few 
core samples in the presence of interstitial water was 
considerably greater than single-phase permeability to 
water, cast some doubt on the conclusions reached by 
Leverett! and subscribed to by a large number of in- 
dividuals in the oil industry. 


One explanation advanced to explain this behavior 
states that it is caused by the variable extent of hydra- 
tion of clay minerals present in the sand. The greater 
the water saturation, the greater will be the area of con- 
tact between water and clay minerals; therefore, the 
greater will be the extent of swelling with correspond- 
ing reduction in permeability. 


Yuster* presents another explanation for the recently 
accumulated evidence. Utilizing Poiseuille’s law, he 
analyzed concentric flow in a single capillary where the 
non-wetting phase flows in a cylindrical portion of the 
capillary and concentric with it. The wetting phase flows 
in the annulus between the non-wetting phase and the 
capillary wall. The equations obtained indicate that rel- 
ative permeability to the non-wetting phase is a function 
of saturation and viscosity ratio. 


Although Yuster’s equations show that fractional rel- 
ative permeability to oil could be greater than unity, as 
was indicated by the data of Nowak and Krueger,’ 
they failed to present an explanation to the experimental 
data of early investigators such as Leverett. 


Due to the importance of relative permeability in 
understanding the flow behavior of petroleum reservoir 
fluids, this work—theoretical as well as experimental 
—was undertaken to determine whether relative per- 
meability is a function of saturation only as was con- 
cluded by Leverett’ or a function of saturation and 
viscosity ratio as was theorized by Yuster.* 


WING IE CON AIL 


An equation will be derived for the rate of oil flow 
through a porous medium that is initially filled with 
water. Based on this equation, an analytic expression 
for relative permeability will be developed. The por- 
ous medium will be assumed to consist of straight cir- 
cular capillaries of different radii. It will also be as- 
sumed that there are no interconnections among the 
capillaries and no mass transfer across the oil-water 
interface. 


Consider a porous sample initially saturated with a 
wetting phase (water). As a non-wetting phase (oil) is 
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introduced into it, the water is removed by the oil from 
the capillaries until the irreducible minimum water satu- 
ration is reached. Thus the small capillaries of the sam- 
ple are left filled with water which is immobile while 
the oil occupies and flows through the relatively larger 
capillaries. 


When the oil, which is a non-wetting phase, displaces 
the water from a capillary, the question arises as to 
whether the displacement is complete or whether a thin 
film of water is left adsorbed at the solid interface. 
Adam* states that for Liquid B to displace Liquid A 
from the surface of a granular solid, the adhesion ten- 
sion of Liquid B must be larger than that of A. The 
adhesion tension is equal to y cos @ where y is the in- 
terfacial tension and 6 is the angle of wettability. It 
is obvious, therefore, that the oil cannot effect a com- 
plete displacement of the water and that a molecular 
layer of water is left between the oil and the walls 
of the capillary. This result is also confirmed by Pir- 
son.” 


This molecular film of water is macroscopically, but 
not microscopically, stationary” because the molecules 
(especially the surface ones) are in a sort of sliding mo- 
tion imparted to them by the shear force caused by the 
oil flow. This would cause the molecular film to have a 
motion similar to that in a vortex ring, i.e., a spinning- 
in-place motion as was observed by Yuster.* 


The thickness of this molecular layer is affected by 
the drag force at the interface which tends to peel off 
the surface molecules. Opposing the drag force are the 
Van der Waal’s forces among the molecules and the 
attraction between the molecules and the solid surfaces. 
This holding force reaches its maximum at the solid 
surface and its minimum at the interfacial surface of 
the layer. The drag force is a manifestation of the shear 


force which is equal to p, Rn where yj, is the oil vis- 
ar 
cosity and v is the velocity at the interface. Therefore, 
one would expect a decrease in the thickness of the 
molecular layer with an increase in the oil viscosity, 
not in a continuous manner but rather as a step func- 

tion. 


To make the porous sample amenable to mathemati- 
cal analysis, one is forced to idealize it. Let us consider 
one of these capillaries through which the oil flows and 
let us assume that it is circular. The model, therefore, 
consists of a circular capillary, the walls of which are 
coated with a layer of water which is rotating in place 
(Fig. 1). This film of water has a thickness « which is 
a function of the oil viscosity. The velocity distribution 
as a function of the radius is visualized as shown in 
Fig. 2. 

In the derivation of Poiseuille’s law, one can show 
that 
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where r is the radius of a cylindrical oil lamina, v is its 

velocity, yu, is the oil viscosity and oe the pressure 

gradient. Integrating and applying the conditions that 


at the oil-water interface r=r,;, 7, = 7. + F, and v, = 
Vv, Where 7 is the shear force and F represents adhesion 


tension and! molecular forces; that 
where r. is the radius of the capillary, gives 


Similarly, solving for v, gives 


Substituting in Eq. = — 73) = thickness of the 
water film, gives 


TAN 


In the last term of Eq. 5, F is unknown, and r, is raised 
to a lower power than it is in the rest of the equation. 
Since this analysis was undertaken mainly to indicate 
a trend, for purposes of simplification this term would 
be neglected in the rest of the analysis. 


Eq, 5 gives the rate of flow of oil in one capillary. 
The ratio between the rate of flow as given by Eq. 5 
and the theoretical value predicted by Poiseuille’s law is 


Mo 
1 


Eq. 6 indicates that the difference between the rate of 
flow, as predicted by Poiseuille’s law and as predicted 
by Eq. 5, is a function of the viscosity ratio and the 
inverse of the radius, and that for a large radius the 
difference becomes negligible. 


Eq. 5 describes the flow in one capillary. If there 
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were n capillaries in which oil flows, then the total oil 
flow 


On = | + 4 
Sul} pow 


If the core sample has a total of m capillaries, then 
the rate of oil flow when the oil is the only liquid 
present is 


ner} 


Mes 


Dividing Eq. 7 by Eq. 8 in order to obtain the 
relative permeability to oil, gives 


iC 
n 1 n 


m 

mr’ 

1 1 

Consider the first term of Eq. 9. A plot of pore size 

distribution function as defined by Ritter and Drake” vs 
pore radius, gives a modified Maxwellian distribution 
curve with limits at zero and infinity. The distribution 
function is given by 


pir) = = 10) 


where D(r) is the distribution function, dV is the 
volume of all pores having radii between r and r + dr, 
A, k and r, are constants. 


Utilizing this relation it can be shown (see Appen- 
dix) that Eq. 9 becomes 


1) 

Yr, 


r . . . . 
where f ( k =) is a series in —- andr, is the radius 


of the smallest capillary which is filled with oi] at an 
oil saturation S,. 


Eq. 11 indicates that relative permeability to oil is a 
function of saturation as well as the viscosity ratio, the 
thickness of the molecular layer and pores’ sizes. It also 
indicates that if the pores were large, then the second 
term would be negligible because r is raised to a larger 
power in the denominator than in the numerator. K,., 
then, would be a function of saturation only, since r, in 


i( k, “) is uniquely determined by saturation and k 
Vo 


and r, are constants. In addition, it shows that K,, 


would be larger than expected if pk > 1 and less than 


expected if 


aw 


Since ¢ decreases with an increase in ee , then K 


Ll 


[fo 


would tend to a limit as increases. 


When the water saturation is increased, the water 
(being the wetting phase) would have a higher adhesion 
tension than the oil, as was indicated previously. There- 
fore, the water will effect a complete oil displacement 
from the capillaries, and the rate of flow would be 
given by Poiseuille’s law. 
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Following the same pattern of analysis, one can show 
that 


w 


Eq. 12 indicates that relative permeability to the wet- 
ting phase is not affected by the fluids’ physical proper- 
Vn 
ties, and is determined only by saturations since f, («7) 
which is a multiplying factor, is determined uniquely by 
saturation. 


LABORATORY TE 


The experimental work was conducted on four core 
samples prepared from consolidated rocks. These 
samples, cut in the direction of the bedding plane, were 
cylindrical in shape with an average length of 3.3 cm 
and an average diameter of 2.4 cm. Table 1 presents 
a summary of the physical characteristics of the sam- 
ples. 


The properties of the liquids used are given in Table 
2. The oils used (Nos. 1, 2, 3 and 4) were respectively, 
a light naphtha, a light Socony Mobil oil and two vis- 
cous mineral oils. The aqueous phase was water solu- 
tion of two concentrations of sodium choride (in order 
to vary the viscosity). Traces of mercuric chloride were 
added to the aqueous phase to inhibit the growth of 
bacteria. 


The core assembly in Fig. 3 was similar to the one 
used in the Pennsylvania State method.” The aqueous 
phase saturation was determined by measuring the re- 
sistance of core saturated with the test fluids to the flow 
of an alternating electric current. The complete ex- 
perimental setup is shown in Fig. 4. 


The procedure used in the actual test was as follows. 
Klinkenberg corrected-air permeability of the sample 
was calculated. The test core and the end pieces were 
saturated with aqueous phase. The permeability of the 
test sample to the aqueous phase was determined. The 
sample was then flooded by oil, followed by brine, and 
followed by oil again to overcome what is known as the 
hysteresis effect. A calibration curve of saturation vs 
resistance was constructed from a weight balance sat- 
uration determination (Fig. 5). Oil was then passed 
through the sample until the viscosities of the influent 
and the effluent oil became equal. The behavior, flow- 
ing various ratios of oil and brine in the direction of 
increasing brine saturation until the minimum residual 


TABLE 1—PHYSICAL PROPERTIES OF CORE SAMPLES 


Corrected Liquid 

Sample Length Diameter Pore Vo'ume Porosity Air Perm. Perm 
Number (cm) (cm) (cm*) (per cent) (md) (md) 
1 3.4 2.4 2.8 18.2 2.0 A. 

2 3.4 2.4 2.8 18.2 402.0 405.0 
3 3.2 2.4 2a, 18.8 208.0 217.0 

4 3.4 2.4 z.5 16.2 Kez; 1522 


TABLE 2—PHYSICAL PROPERTIES OF LIQUIDS MEASURED AT 38°C 


Property Brine 1 Brine 2 Oil] Oil 2 Oil 3 Oil 4 
Density 1.03 1.06 0.72 0.84 0.88 0.88 
gm/cms 
Viscosity (cp) 0.86 0.96 0.42 4.95 40.20 71.30 
— 0.48 46.60 82.70 
LB 

1 
Mo — — 0.44 5.16 42.00 74.50 
Interfaciol 48.5 46.4 46.4 
Tension 7B,—O 

53.0 2 
49.2 47.0 47.1 
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Fic. 3—Core ASSEMBLY. 


oil saturation obtained, was determined. The establish- 
ment of equilibrium was indicated by a constant pres- 
sure difference across the test core and by the constancy 
of the resistance reading of the bridge. This procedure 
was followed for all oils and brines. 


Since resistance is a function of the amount of the 
brine present as well as its distribution, the purpose 
of one phase of the experiment was to determine 
whether a unique distribution existed for a certain 
saturation. If this were not so, the electric resistivity 
method would not yield dependable results. To examine 
this, curves of relative conductance vs saturation were 
constructed from resistance vs saturation curves. Rela- 
tive conductance is defined as the ratio of the conduct- 
ance of the sample at a specific saturation to its con- 
ductance at 100 per cent brine saturation. Since 
conductance is equal to the inverse of resistance, 
relative conductance would be equal to the ratio of the 
resistance at 100 per cent brine saturation to the 
resistance at a specified saturation. The resistivity of 
Brine 1, which differed from Brine 2 in concentration, 
would be equal to a constant multiplied by the resistiv- 
ity of Brine 2. The specific conductance for a certain 
saturation as defined previously should then be the same 
for Brines | and 2 if the brine distribution were uniquely 
determined by saturation. Fig. 5 indicates that the same 
relative conductance vs saturation curve was obtained 
for Brines 1 and 2, though the experimental work was 
carried out under different pressures and flow rates, In 
addition it can be deduced that the contact resistance 
was negligible compared to fluid resistance; otherwise, 
the same conductance graph could not have been ob- 
tained for the two brines. 


The experimental setup, except for the pumps’ assem- 
blies and the resistance bridge, were placed in a con- 
stant temperature cabinet that was maintained at 38°C, 
with an average deviation of + 0.5°C. 


DISCUSSION OF RESULTS 


The results of this investigation are best illustrated 
by Figs. 6 through 8. These figures indicate that 
relative permeability to the non-wetting phase varies 
with oil-water viscosity ratio and that the maximum 
differences in relative permeability values due to vis- 
cosity ratio variation occur at the point of minimum 
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I'ic. 5—RESISTANCE AND CONDUCTANCE vS SATURATION 
(Core No. 4). 


brine saturation. Plots of relative permeability vs satu- 
ration for different viscosity ratios converge as the 
oil saturation is decreased, i.e., the brine saturation is 
increased. They also show that, for an oil saturation 
value greater than the value at which the point of con- 
vergence occurs, relative permeability to the non-wetting 
phase increases with an increase in oil-water viscosity 
ratio. This increase tends to a limit as the viscosity 
ratio becomes larger. 


The equations developed previously offer an explana- 
tion to the experimental results. Flow behavior of oil 
through individual capillaries is given by Eq. 6. The 
second term of this equation represents the viscosity 
effect. The relative effect of viscosity on the flow 
behavior of all the capillaries of the porous sample 
increases as the number of the capillaries through 
which oil flows increases. Therefore, the maximum 
differences in relative permeability values due to vis- 
cosity ratio variation should occur at maximum oil 
saturation, i.e., minimum brine saturation. 


As the brine saturation increases, brine forces the 
oil out of the small capillaries first. This follows from 
capillary pressure considerations. Theoretically, one 
would expect the viscosity ratio effect to diminish due 
to the decrease in the number of the capillaries through 
which oil flows and due to the increase in the average 
pore radius of the capillaries that are left filled with 
oil. This follows from consideration of Eqs. 6 and 9 
which indicate that the viscosity ratio effect varies 
inversely with the pore radius. At a small value of oil 
saturation, only the largest capillaries are filled with 
oil. Therefore, the viscosity ratio effect would be 
negligible. 
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Fic. 6—RELATIVE PERMEABILITY VS SATURATION (CORE No. 3). 


In the “Theoretical Analysis” section it was theorized 
that the thickness of the water film would decrease in 
a step-wise manner as the viscosity ratio is increased 
due to the increase in drag force. Since relative per- 
meability varies directly with the film thickness which 
in turn decreases with the increase in viscosity ratio, 
one would expect the combined effect of both to reach 
a limit as the viscosity ratio is increased. Fig. 8 sup- 
ports this inference, because it shows that the variation 
in relative permeability with viscosity ratio at maximum 
oil saturation tends to flatten out as the viscosity ratio 
is increased. 


Several investigators derived equations relating sin- 
gle-phase permeability with an average pore radius. One 
of the equations used frequently is r = 8.85 x 10° 


K 
\ eA where r is an average pore radius for the porous 


sample in centimeters, K is the permeability in millidar- 
cies and f is the fractional porosity. 


The theoretical analysis, as well as the experimen- 
tal results, indicate that the effect of viscosity ratio 
decreases as the average pore radius of the sample in- 
creases. According to the above equation, the average 
pore radius is directly proportional to the square root 
af the permeability. This means for highly permeable 
samples the effect of viscosity ratio would be small. 


The above equation was used to calculate an average 
pore radius for the test samples. The experimentally de- 
termined relative permeability values were plotted 
against the average pore radii as is shown in Fig. 9. It 
indicates that for relative permeability to oil to reach 
85 per cent for various viscosity ratios, an average 
pore radius of 4.5 microns is needed which corresponds 
to a specific permeability of about 1 darcy. Thus, it is 
hard to detect the effect of viscosity ratio in permeable 
samples. This could offer an explanation to Leverett’s 
results. 


Turning now to the experimental results of the rel- 
ative permeability to the wetting phase, it can be con- 
cluded from examination of Figs. 6 and 7 that relative 
permeability to the wetting phase is unaffected by vis- 
cosity ratio and is a function of saturation alone. The- 
oretically, the same behavior is predicted by Eq. 12. 
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CON 


The pertinent conclusions arrived at from this re- 
search are: 

1. Relative permeability to the non-wetting phase 
varies with viscosity ratio, increasing with its increase. 

2. This variation reaches a maximum at interstitial 
brine saturation and decreases as the oil saturation 1s 
decreased. 

3. The relative magnitude of the viscosity ratio effect 
varies inversely with pores’ sizes, i.e., with the single- 
phase permeability. 


4. At a high single-phase permeability value (over 1 
darcy) the effect of viscosity ratio becomes negligible. 


5. Relative permeability to the wetting phase is not 
affected by viscosity ratio. 


NOMENCLATURE 


A = A constant 
D(r) = A distribution function 

f = Porosity 
F = Adhesion tension and molecular forces 
k = A constant 
K = Single-phase permeability 

K,, = Relative permeability to oil 

K,., = Relative permeability to water 
L = Length of a capillary 


m = Total number of capillaries in the porous 
sample 


n = Number of capillaries through which one 
phase flows 


AP = Pressure difference 

Total rate of flow through m capillaries 

Q, = Volumetric rate of oil flow through one 
capillary 

O,, = Total rate of flow through n capillaries 

= Radius of the largest capillary 
r = A variable radius which ranges in value 

from zero to r, 
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Ftc. 8—RetaATivE PERMEABILITY vs Viscosity RATIO 
(Core No. 3). 


r, = Radius of any capillary 
*; = Radius of oil phase in the capillary 
A constant 


r, = Radius of the smallest capillary that is 
filled with oil 


S, = Oil saturation 
S,, = Brine saturation 
v = Velocity 
v, = Velocity of oil 
v, = Velocity of brine 
dV = Volume of all pores having radii between 
rand r-+ dr 


AV = Volume ef all pores having radii between 
r and r+ Ar 


y = Interfacial tension 
f = Contact angle 
}4o = Viscosity of oil 
}4wy = Viscosity of brine 
e = Thickness of water film which is equal to 


II 
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APPENDIX 


DERIVATION OF EQ* 11 


Ritter and Drake” have shown that a plot of pore- 
size distribution function vs pore radius gives a modified 
Maxwellian distribution curve with limits at zero and 
infinity. The distribution function is given by 


1V k 
dr 
where D(r) is the distribution function, dV is the vol- 


ume of all pores having radii between r and r + dr and 
A, k and r, are constants. 


D(r) = 


The incremental volume of all pores having radii be- 
tween r andr + Ar is given by 


Substituting Eq. 11a in the first term of Eq. 9 gives 


n 
(11b) 
m 
1 1 
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Substituting Eq. 10 in Eq. 11b gives 
k 
| 2d) | dr 
m me 


The limits of integration in Eq. llc are determined 
from physical considerations. The integral in the denom- 
inator includes all the capillaries of the porous sample; 
therefore, the radius r will range from zero to R where 
R— o, which is a necessary condition for the modi- 
fied Maxwellian distribution curve. The integral in the 
numerator covers the capillaries that are filled with oil; 
therefore, the limits of r will be r, and R where r, is 
the radius of the smallest capillary that is filled with oil. 


Introducing these limits in Eq. 11c and utilizing Eq. 


11b gives 
k 
nN. 9 r 
Al re 


m r \* 
m 
1 


To evaluate the integral in the numerator, e ~ is 
expanded in series and term-by-term integration is then 
carried out. This is permissible since the series converges 
uniformly. The integral in the denominator as R > c 
becomes a gamma function. Therefore, 


R r 2(n+k+3/2) 
2 


n=0 


Since the series is a convergent series then it will 
have a finite value at the limit R, and 


2(n+k+3/2) 
ie 
m 


where C, and C, are constants. 


The oil saturation, S,, is equal to 


l 

m m m 
mr 


n 
But, is of the order of 10° r,; therefore, 
1 


is negligible compared to = 7, and 


n 
nr, 
1 
2 
1 


(11f) 


2(n+k+4 


+ 2k + 1) 


Dividing the series in Eq. lle by Eq. 11f and sub- 
stituting back into Eq. 1le gives 


Sr. 
il 


rz . . . r; 
where i( =) is a series in —- 
lo 


Putting Eq. 11g in Eq. 9 gives 


Ho 
1 
) 
m 
mr. 


1 


(11) 


K,, = 
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C. F. WEINAUG 
MEMBER AIME 


The author presents a unique idea, but the applica- 
tion to straight capillaries is debatable. It is extremely 
difficult to conceive of a layer of water on the wall ot 
the capillary that would circulate or form vortexes and 
still not be stripped (flow out of the capillary). At least 
the first layer of water molecules is tightly absorbed 
and cannot rotate in the manner described in this paper. 
How much rotation would be possible at other layers 
is also questionable, especially if the molecular layer 
does not have a net movement in the direction of flow. 
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Refs. 10 and 4 do not verify the vortex ring motion 
as indicated. Yuster* assumed the oil and water flow in 
concentric cylinders according to Poiseuille’s law. The 
use of Poiseuille’s law by both Yuster and the author in 
their theoretical developments precludes the theoretical 
considerations of vortex rings; this law considers only 
the energy consumed by concentric cylinders sliding on 
one another in the direction of flow. Poiseuille’s law 
does not take into account the energy lost by water re- 
turning to its original position as indicated in Figs. 
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1 and 2. Also, Eq. 2 does not indicate negative veloci- 
ties as shown in Fig. 2 unless F is negative. Further, 
Eq. 2 does not result in v,, = 0 when the pressure drop 
becomes zero. 


In spite of these exceptions to the treatment when it 
is applied to straight capillaries, the idea is unique and 


merits serious consideration when applied otherwise, 
This is especially true in porous media when the fluid, 
held in pendular rings and in other similar places, could 
circulate in vortexes as suggested by the author and 
produce the type of phenomena he describes. In these 
cases, the pore geometry would prevent any net for- 
ward movement of the wetting fluid. 


AUTHOR’S REPLY TO C. F. WEINAUG 


In this paper, the author attempted to analyze a 
mathematical model under certain assumptions which 
do not violate any of the well-established physical 
concepts. This analysis resulted in equations which 
explained qualitatively some of the unorthodox results 
of flow works, which were reported in the literature 
and which were conducted on capillaries as well as 
porous media. At the same time, these equations were 
able to justify the accepted classic notions, and point 
out their limitations. 


One of the assumptions that the author made was 
that the molecular film of water with the exception of 
the first layer was not microscopically stationary. It 
may be hard to visualize this concept, but this does not 
preclude the possibility of tts existence. 


Weinaug states that Refs. 4 and 10 do not verify 
the vortex ring motion as the author claims. Ref. 4 
reads, “it should be pointed out that the spinning in 
place of an apparently immobile phase has been ob- 
served by the author in microscopic studies of petro- 
leum production mechanism”. Unfortunately, due to 
the present location of the author he was unable to 
obtain Ref, 10. 


The author is in full agreement with Weinaug that 
one is not justified to use Poiseuille’s law where vortex 
rings occur. A careful study of the theoretical develop- 
ment would reveal that the author applied the same 
method of analysis that is normally used in deriving 
Poiseuille’s law to the oil phase alone. The oil phase 
was assumed to flow in concentric cylinders sliding on 
one another and with no vortex rings. Eq. 1 indicates 
this clearly. It reads “where r is the radius of a cylin- 
drical oil lamina, etc”. As far as the water phase is 
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concerned, where vortex rings were assumed to occur, 
Poiseuille’s law was not applied. Furthermore, Eq. 2 
could not have been obtained by the mere application 
of Poiseuille’s law. 


Weinaug states that Eq. 2 does not indicate negative 
velocities as shown in Fig. 2 unless F is negative. The 
author believes that Weinaug has supplied the answer, 
for F is negative. The model stipulates that the net 
rate of water flow must be zero. This means that 


Q.= = 0. 
From Eq. 2, it follows that 


KG — 7) — 


Let the integral on the right-hand side be denoted by 
J,, and that on the left-hand side by /,. Solving for F 
gives 


_— AP I, 


(2b) 


Since Fis positive, it follows that F is negative. 
a 

Finally, Weinaug states that Eq. 2 does not result in 
v, being zero when AP is zero. It is recognized that 
Weinaug did not have the full analysis at hand; other- 
wise, it would have been evident that indeed vy,, is 
zero when AP is zero. For if Eq. 2b is substituted in 
Eq. 2, one obtains 


Clearly then, V,, is zero when AP is zero. tok 
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Field Evaluation of Cathodic Protection of Casing 


W. D. GREATHOUSE 
J. J, LEHMAN 
MEMBERS AIME 
J, E. LANDERS 
J. D. SUDBURY 


MB 


A full scale field experiment on cathodic protection 
of casing answers questions concerning (1) the proper 
criteria for determining current requirements, (2) the 
amount of protection provided by different currents, and 
(3) the transfer of current at the base of the surface 
pipe. 

Three dry holes in the Trico pool in Rooks County, 
Kans., were selected for cathodic protection tests. The 
three holes were in an area where casing failures oppo- 
site the Dakota water sand often occur in less than a 
year. Examination of the electric logs showed the wells 
to be similar to other wells in the field where casing 
in four of seven producing wells has failed. 

The three holes were cleaned out and cased with 75 
joints of new 5¥%-in. 14-Ib J-55. Each joint was visually 
inspected and marked before it was run. The casing was 
bull plugged and floated in the hole so that the inside 
might remain dry and free of excessive attack. Also, if 
a leak occurred, a pressure increase could be observed 
on gauge at the surface. 

Extensive testing was done, including potential pro- 
files, log current-potential curves and electrode measure- 
ments from both surface and downhole connections. 
Based on these data, a current of 12 amps was applied 
to one well and 4 amps to another. The third well was 
left to corrode. 


During the two-year period when the casing was in 
the ground, the applied current was checked weekly 
and reference electrode measurements were made about 
every two months. Three sets of casing potential profiles 
were run. 


When the three strings were pulled, each joint was 
examined for type of scale formed, presence of sulfate- 
reducing bacteria, extent of corrosion attack and pit 
depth. Since the pipe was new when run, quantitative 
determination of the protection provided by current 
was possible. 

This is the first concrete field evidence to help resolve 
the many arguments about the proper method for select- 


ing adequate current for cathodic protection of oilwell 
casing. 


A casing string is run when a well is drilled. This 
pipe is supposed to protect this valuable “hole in the 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 18, 1958. Revised manuscript received Nov. 2, 1959. 
Paper presented at 33rd Annual Fall Meeting of the Society of Pe- 
troleum Engineers Oct. 5-8, 1958 at Houston, Tex. 
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ground” for the life of the well. Often the casing does 
not last the life of the well; it is with these casing 
failures that this work is concerned. 

The cost of repairing a casing failure’ varies from 
field to field—from as much as a $30,000 per leak 
average in California to $5,000 per leak in Kansas. 
Additional costs other than actual repairs are also im- 
portant. These include formation damage, lost produc- 
tion, etc. 

Casing damage caused by internal corrosion is impor- 
tant in some areas. Treatment normally consists of 
flushing inhibitor down the annulus, but further research 
is being done on control measures. The test described 
in this paper is concerned only with external corrosion. 

The problem of casing failure from external attack 
has appeared in several areas including western Kansas, 
California, Montana, Wyoming, Texas, Arkansas and 
Mississippi. Cathodic protection is currently being used 
in an attempt to control external corrosion. From 
reports in the NACE there are thousands of wells 
currently under cathodic protection. The quantity of 
current being applied ranges from 27 amps on some 
deep California wells to a few tenths of an amp being 
supplied from magnesium anodes on wells in Texas 
and Kansas. 

Considerable field and laboratory effort’**°* was 
exerted on the problem of cathodic protection of casing, 
and it became fairly obvious that this method could be 
used to protect wells. Early workers showed that cur- 
rent applied to a well distributed itself over the length 
of the casing and was not concentrated on the upper 
few hundred feet. Basic cathodic protection theory had 
shown that corrosion attack could be stopped by apply- 
ing sufficient current. 

The problem resolved itself, then, into one of trying 
to decide just how much current was necessary. Various 
criteria were utilized in installing the many existing 
cathodic protection installations. These methods in- 
cluded the following. 


1. Applying sufficient current to remove the anodic 
slope as shown by the potential profile.’ 

2. Applying enough current to maintain all areas of 
the casing at a pipe-to-soil potential of — .85 v.’ 

3. Applying the current indicated by a log current- 
potential (or E log 7) curve.* 

4. Supplying the current necessary to shift the pipe 
to-soil potential .3 v.* 


5. Applying 2 or 3 milliamps of current per sq ft 
of casing.* 


‘References given at end of paper. 

“The last two criteria have not, to the authors’ knowledge, been 
utilized in installing cathodic protection on easing. They are com- 
monly used in pipeline work. 3 
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Long-term statistical information on large numbers 
of such installations should determine which is correct: 
however, a controlled field test could provide needed 
answers in a shorter period of time. Such a test was 
initiated in May, 1956, in Rooks County, Kans., in an 
attempt to obtain answers to such questions as: 

1. Can cathodic protection control external casing 
corrosion? 

2. Does the application of cathodic protection cause 
an accelerated corrosion attack at the base of the 
surface pipe? 

3. What criteria most accurately predict the current 
necessary to protect a well? 

This test has been completed and is discussed in 
chronological order. Test initiation, work during the 
two-year interim and the conclusions drawn when the 
test was completed are presented. Also included is a 
brief report on 30 installations in Kansas and 150 
installations in California. 


TI AT LON 


Selection of the location for such a test was critical. 
The wells in the area must be subject to severe external 
casing corrosion. Such a location was found in north- 
western Kansas where wells had failed in as short 
a time as one year. The corrosive Dakota water sand 
apparently was the major cause. Fig. 1 shows a plat 
of the Allphin pool (since renamed Trico) in Rooks 
County, Kans. There are a number of producing wells 
and three dry holes in the field. Fig. 1 shows that four 
producers have had casing leaks, one in as short a time 
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as 11 months. This marked the area as corrosive. The 
next question was whether or not the dry holes were 
significantly different from the producers or from each 
other. Examination of the logs from these three dry 
holes and surrounding producers showed all wells to 
be very similar. Wells 2, 3 and 9 were selected as test 
wells. 


Surface pipe was still in place in the three dry holes. 
Conditioning of the holes prior to running casing was 
accomplished with salt water-starch mud, the same as 
normally used for completing wells in Kansas. At the 
time the wells were being cleaned out, samples of the 
mud were analyzed for the presence of sulfate-reducing 
bacteria. They were shown to be present in every case. 


The wells were then cased with 75 joints of new, 
5¥2-in., 14-lb, J-S5 casing. Each joint was numbered 
prior to running in the hole. The resistance of each 
make-up was checked and no high resistance joints were 
found. The casing was bull plugged and floated in the 
hole. A pressure gauge was placed on the wellhead so 
that a leak might be detected by a pressure buildup. 


After the casing was in place, various measurements 
were made so the different criteria for selecting protec- 
tive currents might be compared. Measurements in- 
cluded potential profiles, E log J curves and pipe-to-soil 
measurements. Included in the Appendix is a brief de- 
scription of each type of measurement. 

Potential profiles on the three test wells showed no 
development of anodic or cathodic areas. This was at- 
tributed either to the homogeneous mud sheath around 
the pipe or to the existence of mill varnish on the new 
pipe. This was the first evidence obtained which in- 
dicated that measurements made on new casing imme- 
diately after running might not be meaningful. During 
this short period the condition of the pipe and en- 
vironment is changing rapidly. As shall be discussed 
later, a stable reproducible situation soon develops. E 
log J (Fig. 5) and pipe-to-soil measurements were con- 
ducted on the test wells and based on these data: 

1. Twelve amps were applied to Allphin No. 2, This 
would check the 3 milliamp/sq ft and the .3-v shift 
criteria. 

2. Four amps were left on Allpin No. 3 to check the 
E log J method. Also, 4 amps is normally sufficient in 
Kansas to remove all anodic slopes from the profile. 

3. Allphin No. 9 was left unprotected to serve as a 
blank or control well. 

The wells will hereafter be referred to as “the 12-amp 
well”, “the 4-amp well” and “the blank” (or “no cur- 
rent”) well. 


TEST CONTROL MEASUREMENTS 


During the two-year period while the test was under 
way, weekly reading and adjustments of the currents 
were made by field personnel. Fig. 6 shows a graph by 
months of the applied current. One period of 30 days 
passed when power lines were down in the field because 
of a storm. This period was between the 10th and 12th 
months of the test. Additional periods of below aver- 
age currents were a result of ground bed deterioration. 
Shortly after the beginning of the 18th month, new 
anodes were installed on the 12-amp system. 

Fig. 7 presents the P/S readings between the wellhead 
and a remote (250 ft) reference cell. Variations in ap- 
plied currents are reflected in the P/S readings. One 
should note that the blank had a P/S potential of about 
--.8 v for the duration of the test. The potential on the 
4-amp well averaged about — .85 to — .9 v, while the 
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P/S potential on the 12-amp well was generally above 
V 

A series of three additional potential profiles was run 
on each of the test wells over the two-year period. 
These are shown in Figs. 2 to 4. These profiles reveal 
some interesting points. 

1. After six months, the blank exhibited gross anodic 
and cathodic areas typical of other wells surveyed in 
Kansas. 

2. A break in the curve opposite the base of the sur- 
face pipe was not observed when the test was set up. 
Fig. 4 shows the development of such a break during 
the period from Nov., 1956 to May, 1958. 

3. Small anodic areas appeared on the profiles from 
both the 12-amp and 4-amp wells. These small anodic 
areas were reproducible. 


In May 1958, the three casing strings had been in 
the ground two years, and plans were made to complete 
the test. 

Some final testing was done on the three wells before 
the pipe was pulled. This testing included additional 
profiles on all three wells. Also, a profile was taken on 
the 4-amp well with the current increased to 8.2 amps. 
This was done to see whether a higher current would 
remove the indicated anodic areas on the pipe. Fig. 3 
shows that the increase in current failed to affect these 
indicated anodes. The blank was also subjected to more 
testing. Examination of Fig. 2 shows that 2.2 amps 
were sufficient to remove all anodic areas from the po- 
tential profile. An E log J curve, Fig. 8, was also ob- 
tained. Depending on one’s interpretation, either a cur- 
rent of 2.1 amps or 10.5 amps is indicated as necessary 
for protection. This will be discussed in more detail 
later. 

A hydraulic casing pulling unit pulled the pipe. No 
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washover was necessary, so contamination of the cor- 
rosion products and scale on the pipe was kept to a 
minimum. 

Each joint was given an examination as it was laid 
down. Samples of scale were taken for analyses. Also, 
a sample from every fourth joint was inoculated to 
check for sulfate-reducing bacteria. Table 1 is a quali- 
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TABLE 1—RESULTS OF SULFATE-REDUCING BACTERIA ANALYSES 
Depth Blank 4-Amp Well 12-Amp Well 
O- 840 Light Growth Light Growth No Growth 


840- 900 Moderate Growth Moderate Growth Moderate Growth 
900-1300 Heavy Growth Heavy Growth Moderate Growth 
1300-2200 Light Growth Light Growth No Growth 


tative presentation of the number of sulfate reducers 
present in the three wells. There was a predominance of 
bacteria in the corrosive area. Also, there were more 
bacteria in the scale from the blank and 4-amp wells 
than from the 12-amp well. 


THE 12-AmMp WELL 


The casing removed from the 12-amp well was gen- 
erally covered with a scale identified as primarily iron 
carbonate. There were lesser amounts of iron sulfate, 
iron oxide and iron sulfide present. Cleaning the pipe 
with a conventional over-the-ditch pipe cleaner revealed 
that no measurable corrosion damage had occurred. 
This includes the pipe opposite the base of the surface 
string and the pipe in the areas indicated as anodic by 
the profile. Fig. 9 shows a section of pipe from the 
Dakota zone of the well. 


THE 4-AMP WELL 

Pipe from this well was partially covered with a scale 
consisting of iron carbonate, iron sulfide and iron sul- 
fate. After the pipe was cleaned, one section about 6-ft 
long was found where corrosion attack had occurred. 
Damage up to 50 mils in depth existed from 998 to 
1,004 ft. Fig. 10 is an illustration of the damage. In 
general the remainder of the pipe was in good condition. 


THE BLANK 

Scale from this well was predominantly iron sulfide 
with some iron carbonates and sulfates. This casing was 
also given a thorough examination for pit depth and 
extent of attack after cleaning. The maximum pit depth 
found was 100 mils and existed from 924 to 930 ft. Evi- 
dence of the attack is shown in Fig. 11. Many other 
areas were generally corroded, but no other severely 
pitted area was found. 


Fig. 12 is a comparison of the observed corrosion 
damage with that predicted by the potential profile. Both 
cathodic current density and anodic current (converted 
to MPY) from the profile are shown, along with the 
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estimated corrosion rate of the pipe. It is noteworthy 
that both the pitted joint and the most corroded jomt 
were not in the indicated anodic area. 


Iron loss data were also converted to an estimate of 
the corrosion current that must have been flowing. Sum- 
mation of the iron loss from Fig. 12 showed that 342 
lb of iron were lost in the two-year period. This is 171 
lb per year and is equivalent to about 8 amps per year 
of anodic current. According to a compilation of data 
by Schaschl and Marsh,* the protective current should 
be 1.4 times the corrosion current. This leads to 11.2 
amps as being the current required for protection of 
this well. 
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DISeUSsSST TON 


From the results of our field test we shall discuss ef- 
fectiveness of cathodic protection, various criteria for 
determining current requirements and surface pipe ef- 
fect. In addition, results from field installations in Kan- 
sas and California will be reviewed. 


EFFECTIVENESS OF CATHODIC PROTECTION 


The application of 12 amps of current completely 
protected casing in a corrosive area. A current drain of 
4 amps reduced the penetration rate by only 50 per 
cent when compared with the blank, but reduced gen- 
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eral corrosion damage by 95 per cent. This indicates 
that sufficient current can provide virtually complete 
protection. The test also showed that a current provid- 
ing less than complete protection would first eliminate 
the general attack (probably associated with long-line 
currents) and then work toward reducing the concen- 
trated pit attack (probably associated with micro- 
cell currents). 


COMPARISON OF CURRENT REQUIREMENT CRITERIA 


In the “Test Initiation” section, it was pointed out 
that the potential profile showed no corrosive attack on 
the new pipe in a newly reconditioned hole. This con- 
dition certainly affected the potential profile method for 
determining current and could well have affected the 
other criteria. For this reason, we believe that in evalu- 
ating the current requirement criteria, data obtained on 
the freely corroding blank just prior to pulling the pipe 
should be used. These data are reflected in Figs. 2 and 8. 

These data showed that 2.2 amps were sufficient to 
remove all gross anodes from the potential profile. This 
erasure of gross anodes from the potential profile as a 
method for determining the necessary current led to 
underprotection. As stated before,* the minimum cur- 
rent required to stop corrosion is that amount needed 
to erase gross (long-line) cells plus an additional amount 
to stop “microcells” (cells not measured by the pro- 
files). It must be concluded from this work that small 
cells represent a major amount of the corrosion occur- 
ring; therefore, the erasure of only gross cells will lead 
to underprotection. The profile tool offers no immediate 
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way cf investigating the microcells. By observing Fig. 
12 one can see that the microcells dominated the cor- 
rosion attack to such an extent that the profile failed 
to indicate the depth at which the predominance of cor- 
rosion occurred. 


Sometimes the current needed to lower the P/S po- 
tential to —.85 v is used as a criterion of protection. 
The P/S potential of the 4-amp well failed to go below 
— .9 v for any extended period, however, so this cri- 
terion must be invalidated. We believe that this occurred 
because of inability to position the reference cell prop- 
erly opposite the area of concern. 


The amount of current necéssary to shift the P/S 
potential of the blank by .3 v was not determined at the 
end of the test. We are not able, therefore, to evaluate 
the .3 v shift as a criterion of protection based on the 
control well. It should be noted that the P/S potential 
of the protected 12-amp well was generally above —1.1 
v and as such would represent something very near a 
— .3-y shift. 

Pipeliners have used 2 to 3 milliamps/sq ft of exposed 
pipe surface for “hot spot” protection for many years. 
The 12 amps on the unprotected well were equivalent 
to about 3 milliamps/sq ft and this resulted in protec- 
tion. It is generally concluded that the quantity of cur- 
rent required to protect a structure is related to the 
amount of corrosion occurring on the structure. We are 
concerned, in this test, with controlling a pitting rate 
of 50 MPY (the blank had 100-mil deep pits after 
two years). The potential profile has shown that this 
corrosion is not the effect of an extensive cathodic area 
and a localized anodic area but the effect of small local 
cells. To stop this !ocal cell activity, then, we must 
supply sufficient current to the cell area. In the case of 
corrosion in the Allphin pool, a current of 12 amps 
supplied a current density in the corroding area capable 
of controlling the local cells. This amounted to a cur- 
rent density of about 3 milliamps/sq ft. 

In other fields, where the rate of attack and the depth 
to which protection is desired are different, a different 
amount of current will be needed. Suppose that a field 
had an average time-to-failure of three to four years 
and leaks were occurring to 5,000 ft. This would again 
be an attack of about 50 MPY. To supply a current 
density of 3 milliamps/sq ft in the corroding area, the 
total current must be sufficient to allow for the natural 
attenuation which occurs with depth. 


The E log J curve taken on the blank and shown as 
Fig. 8 had two possible “break” points by the conven- 
tional interpretation. The first, at 2.1 amps, agreed with 
the potential profile’s 2.2 amps and would lead to un- 
derprotection. A second break, at about 10.5 amps, 
would probably be very close to the minimum current 
required to control corrosion. There has been much 
controversy over the use of polarization curves to pre- 
dict corrosion rates or to predict the minimum current 
required to protect a structure cathodically. Stern” pre- 
fers that the term “break” not be used, when actually 
a change from linear to logarithmic dependency of elec- 
trode potential to applied current is the case. Stern ex- 
plains that, at low applied current densities, there is a 
linear dependence of electrode potential to current. This 
changes to the Tafel logarithmic relationship at higher 
applied current. Stern further states that true Tafel be- 
havior is not evident until polarizing currents several 
times the corrosion current are applied. Schwerdtfeger 
and McDorman’ recognize that, at times, two breaks oc- 
cur, but they propose that the second break is the im- 
portant one. Haycock concluded that the logarithmic 
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(Tafel) section of the polarization curve was reached 
when all corroding cells were protected. 

The above discussion seems to indicate that (1) ap- 
plied currents used to determine E log J should be as 
large as possible (a welding machine has been used sat- 
isfactorily) and (2) in interpreting the data, consider- 
able weight should be given the points at higher current 
densities. 

In line with the above discussion we conclude that 
the break at 10.5 amps is significant and does indicate 
that the E log J curve can, if properly interpreted, lead 
to the proper current for protection. 

In summary, proper interpretation of the E log / 
curve, shifting the P/S potential .3 v, or applying 2 to 
3 milliamps/sq ft, led to protection. The potential pro- 
file and the —.85-v criterion resulted in underprotection. 


SURFACE PIPE EFFECT 


No evidence of an accelerated attack was found op- 
posite the base of the surface pipe. Most investigators 
assumed that no surface pipe problem would exist be- 
cause the two strings would be in metallic contact. Po- 
tential profile data indicate that the casing strings in this 
test were not in metallic contact. We believe that forma- 
tion of an iron sulfide scale (a semi-conductor) in the 
annulus allowed current transfer without strict metal- 
to-metal contact. The hypothesis is based on three 
things. 

1. There was no break at the surface pipe on the 
initial profiles. Such a break developed slowly (see 
Fig. 4). 

2. The presence of sulfide scale on the recovered 
casing in the zone opposite the base of the surface pipe. 
3. The knowledge that iron sulfide is a conductor. 

In any case, the surface pipe problem is nonexistent. 


KANSAS AND CALIFORNIA INSTALLATIONS 

At present, Continental has 30 wells under cathodic 
protection in western Kansas. Most of these were in- 
stalled in early 1955, and a current of 3 amps per well 
was recommended. Because of high soil resistivities and 
other circumstances, the current was not always as high 
as 3 amps. There was no decrease in the leak fre- 
quency. 

In the latter part of 1956, it was recommended that 
the current be increased to the maximum rectifier rating 
of 6 amps. Later an anode-watering program was ini- 
tiated in an attempt to obtain the 6-amp drain from each 
well. There had been nine failures in the 30 wells be- 
fore cathodic protection was applied. These nine fail- 
ures had occurred over a four-year period. There have 
been nine additional failures among the 30 wells since 
cathodic protection was applied. One of the wells failed 
both before and after cathodic protection, leaving 13 
of the 30 without failure. These data indicate that too 
low an applied current is of little value. 

Continental also has had about 160 wells under pro- 
tection in California since March, 1956.” The initial 
recommended current was from 5 to 7 amps; however, 
later this was raised to 10 to 15 amps. The eight wells 
which have failed in the last two years generally have 
been wells where currents have dropped because of high 
ground-bed resistance. 

Both field installations illustrate that ground-bed de- 
sign is important and should be carefully considered. 


COUN Nes 


1. Cathodic protection can control external casing 
corrosion; 3 milliamps/sq ft of pipe in the corrosive area 


359 


as determined by the profile tool will be sufficient cur- 
rent in most cases. 

2. In a controlled field test the current required for 
protection was indicated by a .3-v shift in the P/S po- 
tential, by the E log J curve, or by the 3-milliamp/sq 
ft criterion. 

3. It is believed that these data can be useful in de- 
signing a cathodic protection system in any area where 
external casing corrosion exists. 

4. There was no evidence of attack opposite the base 
of the surface pipe. 

5. The potential profile, because of its inherent inabil- 
ity to observe small cells, failed to correlate with the 
actual corrosion damage. 

6. Large-scale field installations have shown that 
cathodic protection with insufficient current does not 
decrease the number of failures occurring from year to 
year. Our test shows that higher currents can control 
the corrosion. 
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APPENDIX 


This tool was first described and used by Ewing in 
1948. Essentially it provides a method for studying the 
currents flowing in the casing. 

Mechanically, two sets of knife contactors are insu- 
lated from each other and spaced 25-ft apart. Leads 
from each contactor are brought up through the sup- 
porting cable and connected to a microvolt meter on 
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the surface. A voltage (IR drop) reading is obtained 
between the two contactors. A plot of the voltage utiliz- 
ing the polarity of the bottom contactor vs depth yields 
a potential profile of the well. The voltage readings can 
be converted to current by taking into consideration the 
resistance of 25 ft of casing. For 512-in., 14-Ib J-55, the 
resistance is about 5 X 10% ohms per 25 ft. In other 
words, a voltage drop of 500 microvolts indicates | amp 
of current flow. 

Study of the profile will reveal that a slope upward 
to the left indicates an anodic or corroding zone. A 
slope upward to the right indicates a cathodic or non- 
corroding zone. 

This tool is useful in studying the distribution of ap- 
plied current and the effect of applied currents on the 
gross cells, It is evident that considerable corrosion ac- 
tivity can and does occur within each 25-ft section. 
Such cells are not observed by the profile tool. 


PIPE=TO-SOLL.P 


In measuring the pipe-to-soil potential, a copper-cop- 
per sulfate reference electrode is normally used. This 
reference cell is placed in the soil, and the potential be- 
tween the structure and the cell is measured. In study- 
ing casing corrosion, the potential is usually measured 
between the wellhead and a reference electrode placed 
about 250 ft from the wellhead. Measurements are made 
with a vacuum tube volt meter (input impedance 20 
meg ohms). Potential readings are taken with the ap- 
plied current off to eliminate IR drop effects between 
the anode and the well. 


The commonly called E log J curve is actually a 
cathodic polarization curve of the structure in ques- 
tion. Breaks in the curve or intersecting lines drawn 
tangent to sections of the curve supposedly indicate cur- 
rents necessary for cathodic protection. 


The field procedure for obtaining such curves con- 
sists of the following. 


1. Taking a P/S potential measurement. 

2. Applying a small amount of cathodic current to 
the structure for three minutes. 

3. Stopping the applied current and reading as quickly 
as possible the P/S potential. 

4. Applying a current slightly higher than in Step 2 
for three minutes. 

5. Stopping the current, reading, increasing current 
for three minutes, stopping, reading, etc. 

Data obtained in this manner are plotted as in Fig. 
8 with the P/S potential shown as a logarithmic func- 
tion of the applied current. kK 
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W. H. Somerton is to be commended for his appli- 
cation of the methods of dimensional analysis in com- 
bination with the results of laboratory drilling tests to 
obtain a significant formula for the rate of penetration 
for the process of rotary drilling. This formula is shown 
to be a consequence of a more general formulation de- 
veloped by the discussor as a result of his investigations 
of the basic action of most methods of rock drilling by 
mechanical means—the momentary loading of a chisel- 
shaped tool on the surface of the rock at the bottom of 
the hole, Some of the author’s conclusions are re-ex- 
amined in the light of this general formulation. 


DRILLING RATE FORMULA 


The author selects a minimum number of the most 
significant variables associated with the rotary drilling 
process to set up his two dimensionless parameters. Only 
one variable is associated with the geometry of the bit 
—the bit diameter, D; only one variable is associated 
with the properties of the rock pertinent to drilling— 
the drilling strength, S, and only two independent vari- 
ables are associated with the conditions of operation— 
the weight on the bit, F, and the rate of rotation, N. 
The dependent variable of interest is, of course, the 
rate of penetration, R. 

The results of the author’s drilling tests show that 
the variable R that appears in the dimensionless param- 
eter, R/ND is approximately proportioned to the square 
of the variable, F, that appears in the other dimension- 
less parameter, F/D’S. This establishes the functional 
relationship between these two simple parameters that 
leads to the formulation of a third dimensionless param- 
eter, RD*S’/NF’. This last parameter is a significant 
one for the rotary drilling process, in general, although 
the author properly limits the validity of his equations 
to his present test conditions. The author realizes that 
the numerical value of this parameter, C, is not a con- 
stant but may be a function of one or more additional 
dimensionless groupings of the many other variables 
associated with the rotary drilling process, e.g. some 
dimensionless measure of bit wear. 

The author’s parameter is shown to be a special case 
of a more general dimensionless parameter, developed 
by the discussor, that is applicable to practically all 
methods of rock drilling by mechanical means, namely, 
RD’S/P. P is the rate at which mechanical work is done 
on the rock, and S is the drilling strength, a term ori- 
ginated by the discussor. § is defined as the ratio of 
energy input to the rock to the volume of rock broken 
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out for the vertical impact loading of a chisel with a 
90° wedge angle onto the surface of an effectively semi- 
infinite rock sample (all dimensions of the sample large 
compared with the chisel dimensions). This formula- 
tion was obtained as a result of the discussor’s investiga- 
tions of the basic action of rock drilling.*® 


For rotary drilling, P = 27 LN, where L is the torque 
at the bottom of the hole required to turn the bit, neg- 
lecting the comparatively small bearing losses. The re- 
lationship between L and F is determined by the numer- 
ical value of the dimensionless parameter, F°/LSnt, 
where n is the number of cones and ¢ is the average 
spacing between the tips of successive bit teeth. The 
numerical value of F’/LSnt is, in turn, a rather complex 
function (of as yet undetermined nature) of such param- 
eters as t/D, w/t, ©, and n where w is some average ef- 
fective width of the flat on the partially worn bit teeth 
and 0 is the wedge angle of the teeth. The results of the 
discussor’s work indicate that the numerical value of 
F°/LSnt should be about 100 for a bit with sharp teeth 
of 90° wedge angles and that the numerical value of 
RD*S/P should be about 2.6 under these same circum- 
stances. Using these values together with n = 2 (bi- 
cone) and t = D/7.5, the equation RD’S/P = 2.6 be- 
comes = 0.6. 


The author’s parameter is thus a special case of the 
more general parameter RD*S/P as applied to rotary 
drilling. The discrepancy between the author’s numer- 
ical value of 1.5 and the discussor’s value of 0.6 has 
no significance since S was defined in a different man- 
ner in the two cases. 


A number of significant implications of the above an- 
alysis follow. First of all, comparison of the author’s 
parameter with the discussor’s shows that the rate of 
penetration is inversely proportional to S at constant 
power output to the rock for drilling machines in gen- 
eral, whereas it is inversely proportional to S’ at con- 
stant weight on the bit for rotary drilling. This explains 
the much greater spread in penetration rate values for 
rotary drilling than for percussion or vibratory drilling 
and the much greater improvements in rate of pene- 
tration over rotary drilling achieved by these latter 
drilling methods in the harder rocks.* The operational 
characteristics of a vibratory drilling machine, for ex- 
ample, can be adjusted to obtain its maximum power 
output into any type of rock.’ Secondly, it is seen from 
the afore-mentioned analysis that the factor, D*, in the 
author’s parameter should actually be D’t. Hence, if t 
is kept constant, the rate of penetration of a rotary bit 
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should be a function of F/D, the weight per inch of bit 
diameter, as is commonly experienced, although not 
necessarily proportional to (F/D)° since the numerical 
value of the author’s parameter varies to some extent. 
However, if geometrical similarity of the bit is main- 
tained in comparing various sizes of bits so that ¢ in- 
creases in proportion to D the rate of penetration would 
be a function of F/D’”. Thirdly, the value of R can 
be increased in RD*tS’/NF’ = constant at maximum 
F/D that can be used and at maximum N by decreas- 
ing ft, in agreement with the practice of providing smaller 
tooth spacings for hard rock bits. Larger values of 
t are desirable for the softer rocks for better clearance 
of the larger chips formed in such rocks, the maximum 
chip width being approximately proportional to F/DSn. 


EFFICIENCY OF ROTARY DRILLING 


The author suitably qualifies his conclusion as to the 
low efficiency of rotary drilling, He points out the 
difficulty of evaluating the efficiency of rotary drilling 
because of the lack of a standard of comparison. His 
comparison with the results of rock crushing experi- 
ments is not too meaningful for evaluation of efficiency 
because, as he demonstrates, the principles of comminu- 
tion are not generally applicable to rock breakage by 
rotary drilling. It is true that rotary drilling requires 
substantially larger amounts of energy to produce the 
same amount of rock breakage in comparison with other 
methods of size reduction. However, this fact does not 
necessarily demonstrate that the efficiency of rotary 
drilling is low. 


The efficiency of rotary drilling must be assessed by 
comparing the energy required by a rotary bit to drill 
out a unit volume of rock with the energy required to 
chip out a unit volume of rock from the bottom of a 
hole under ideal circumstances (complete chip clear- 
ance, etc.), considering all of the constraints and limi- 
tations imposed by the necessity of having to operate 
at the bottom of a hole. Thus, crushing of a sample of 
rock with free sides between two loading platens is not 
a valid standard of comparison since the rock at the 
bottom of a hole cannot be attacked in this manner. 
In order to fragment off rock from the bottom of a 
hole mechanically, it would seem to be necessary to 
apply repeated loadings of chisel-like tools on the bot- 
tom of the hole. 


The discussor made an intensive study of tool load- 
ings on a surface of large rock samples, obtaining rela- 
tionships among the volume of rock broken out and the 
work done on the rock for various spacings between 
successive loading positions (indexing distances) and 
various chisel geometries. The results of this study have 
been reported elsewhere.*.’ The energy required to break 
out a unit volume of rock from the bottom of a hole 
is two to three orders of magnitude (factors ranging 
from hundreds to thousands) greater than that required 
to crush a cylindrical core specimen. The reason is 
as follows. The rock chipped out by the action of a 
chisel-shaped tool such as a bit tooth consists mostly 
of shallow conchoidal fragments that extend laterally 
from one or both sides of the tooth in contact with 
the rock to one of the incompleted cracks produced 
by a previous loading. The previous loading is not 
necessarily the one produced by the neighboring tooth 
that had just left contact with the rock, but it may be 
one at a closer distance than a tooth spacing produced 
by any previous cone passage over the rock surface. 
In order to develop a high enough level of (nominal) 
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shear stress at the root of one of these cracks to initiate 
its propagation, a much larger volume of rock than 
that of the shallow fragments that are chipped off must 
be loaded elastically. Most of the stress energy is stored 
in the region below the chisel in the direction of 
loading because of the cos O/r variation of the radial 
compressive stress resulting from a line load.® In addi- 
tion to this elastic energy, a considerable amount of 
energy is expended in crushing and strongly compacting 
a small wedge of rock immediately below the contact 
area of the tooth, The volume of this wedge is usually 
small compared with that of the conchoidal side frag- 
ments formed, however. 


When a side fragment is formed, the support on one 
side for the wedge of crushed rock is removed, the 
load is momentarily released and the elastic energy 
stored in the rock is almost entirely dissipated in the 
elastic waves produced by the sudden unloading. A 
negligible portion of this energy goes into the forma- 
tion of new surfaces of separation, as demonstrated by 
the author’s analysis. 


For practical shapes of tooth profiles and edges, the 
energy requirements for chipping rock from the bottom 
of a hole may be stated in terms of RD'S/P = 205 
The valid measure of the efficiency of any drilling sys- 
tem would thus be the ratio of RD*S/P for that system 
to 2.0. Using this standard of comparison, the efficien- 
cies of rotary bits under proper operating conditions are 
satisfactorily high (about SO per cent or better). 


This statement is contrary to the commonly held 
opinion of the efficiency of rotary drilling. The dis- 
cussor would like to see further consideration of this 
subject by the author and others. 


The discussor does not feel that he has demonstrated 
conclusively that the energy requirements for removing 
rock fragments from the bottom of a hole are neces- 
sarily so high. For example, a chisel impact parallel 
to the edge of a “cliff” fractures off hundreds of times 
as much rock as one away from the edge for the same 
energy input, the critical distance from the edge of 
the cliff depending upon the energy level of the impact. 
The discussor and his co-workers attempted to take 
advantage of this fact by designing a bit that would 
form annular cliffs at the bottom of the hole and then 
break off rock from the edges of the cliffs." However, 
considerably more energy per unit volume was required 
to fragment rock from the bottom of a hole so as to 
form the cliffs than that required to chip out shallow 
fragments from a flat surface. The net gain was zero to 
marginal. By the same token, considerably more energy 
per unit volume is required to fracture out the rock 
near the periphery of a drilled hole where elastic energy 
must be added to the sides of the hole also. Conse- 
quently, little or no economy in energy is effected by 
core drilling even though the energy per unit volume 
required to break off the core would be small. Some 
decrease in energy requirements is also obtained by 
loading the rock at the bottom of the hole at an angle 
(as is done in soft-rock type bits) rather than normal 
to the rock surface, The mode of failure is basically 
the same in the two cases—the formation of shallow 
conchoidal side fragments. The discussor feels that he 
has by no means eliminated the possibility, however, 
that some means may be found for loading the bottom 
of a hole that would require substantially less net energy 
per unit volume of rock fragmented. 


An important implication of the conclusion that the 
efficiencies of mechanical drilling mechanisms are rea- 
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sonably high is that the achievement of substantial 
increases in the rate of penetration would entail the 
development of drilling methods for which the rates 
at which mechanical work can be done on the rock 
at the bottom of the hole can be increased correspond- 
ingly. This implication has been considered by the dis- 
cussor in a comparison between rotary drilling and 
some of the newer drilling methods.* 


EFFECTS OF BIT WEAR 


As a rotary bit wears, the decrease in rate of pene- 
tration at constant F is primarily the result of a de- 
creased power input to the rock rather than to a 
decreased efficiency. The discussor’s study of the rela- 
tionships among energy, volume of rock fractured out, 
indexing distance and width of the flat on the chisel 
indicates the following sequence of events as the teeth 
of a bit wear. 


The rate of penetration is maximum for a bit with 
sharp teeth edges, but so is the torque required to rotate 
the bit. Hence, the power input to the rock is also a 
maximum. As the sharp edges wear off during the 
“break-in” period of the bit, the relative rate of decrease 
of the power input to the rock is greater than the rela- 
tive rate of decrease of the rate of penetration at con- 
stant weight on the bit. The efficiency of the bit thus 
actually rises by a few per cent. As wear continues 
from then on, the rate of penetration decreases some- 
what more rapidly, relatively, than the power input 


at constant F, resulting in a slow decrease in efficiency. 
At the end of the useful life of the bit as determined by 
an uneconomically low rate of penetration, the efficiency 
may have decreased by only a few per cent from its 
maximum value. A rapid decrease in efficiency does 
eventually occur when chipping action practically ceases, 
leaving only a crushing action on the rock. However, 
this takes place well beyond the useful life of the bit. 


In other terms, the value of the parameter, RD*tS*/ 
NF’, decreases appreciably as the bit wears (as shown 
by the author’s data), whereas that of the parameter, 
RD’*S/P, remains substantially constant within the use- 
ful life of the bit. Eventually, the latter parameter also 
decreases substantially in value when the bit has worn 
down exceedingly. 
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AUTHOR'S REPLY TO RALPH SIMON 


The author wishes to thank Ralph Simon for his help- 
ful comments on the above paper, Extension of the 
present results of rotary drilling to the general case of 
rock drilling by mechanical means brings to light some 
interesting points. 

It is apparent that more needs to be learned about 
the “drilling strengths” of rocks. Drilling resistance, 
which is perhaps a more descriptive term, is a function 
of both rock strength characteristics and the method of 
load application. Introduction of dimensionless para- 
meters which account for the bit geometry may partly 
describe the method of loading. However, a more basic 
understanding of the mechanics of rock breakage by 
drilling is needed. Photo-elasticity and high speed photo- 
graphic studies in progress by the author may shed 
some further light on these matters. 


Perhaps it was misleading to compare the energy 
requirements for rock breakage by rotary drilling with 
energy requirements for impact crushing of rocks. In 
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rotary drilling there are undoubtedly large energy 
losses into the rock surrounding the drilled hole whereas 
in impact crushing of rock cores similar unaccounted- 
for losses are not present. A better standard of com- 
parison is needed (as pointed out in the paper) and the 
standard proposed by the discussor may be more realis- 
tic. Certainly further work is needed to evaluate the 
maximum potential of each down-the-hole rock break- 
age mechanism. 


The discussor’s observations of the effects of bit 
wear are not in accord with those of the author. In 
the present work, the decrease in the ratio R/P (drill- 
ing rate/power input) with bit wear was of the same 
magnitude as the decrease in the factor C(C = RD*S,/ 
NF’). This, coupled with the observed decrease in 
drilling-chip sizes as the bit teeth wear, leads to the 
conclusion that bit efficiency decreases significantly with 
wear. The apparent lack of agreement on this matter 
may be due to the difficulty of extrapolating chisel 
impact test results to rotary drilling test data. FI 
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Further Discussion of Paper Published in 
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Reservoir Heating by Hot Fluid Injection 
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(Published as T.P. 8092, Page 312) 


H, J. RAMEY, JR. 
MEMBER AIME 


The authors are to be complimented for a timely 
presentation of useful information concerning applica- 
tion of heat to oil reservoirs to increase the rate and ul- 
timate recovery of oil. 

The solution for heated area resulting from constant 
rate injection of a hot fluid, presented by the authors, 
and the fluid-flow analogy, solved by Carter,’ are par- 
ticularly interesting in that no restriction is placed on 
the direction of development of the heated area, It is 
not necessary that the heated area grow radially. Thus 
the solution could provide useful information for heat 
injection in any type of well pattern with any specified 
swept area data. However, it was assumed in the de- 
velopment that the heated region would remain at a 
constant elevated temperature. Vertical heat losses were 
computed on this basis. Physically, the assumption that 
the heated region will remain at a constant temperature 
(independent of distance from the injection point) ap- 
pears to require that the heat injection medium be 
steam, or other condensible gases near the boiling point 
at injection pressure. If a hot liquid below the boiling 
point or a hot gas considerably above saturation tem- 
perature were used, the temperature of the heated re- 
gion would decrease with distance from the injection 
well. Lauwerier’ has discussed this problem for a linear 
system. (See also Jenkins and Aronofsky,’ and McNiel 
and Nelson.') Thus, the authors’ solution applies more 
nearly to steam injection than to hot water injection or 
hot, non-condensable gas injection. 


Assuming steam as the injection medium, it appears 
that steam would pass through the constant-tempera- 
ture heated region and condense upon contact with 
the unheated sand. The temperature in the condensing 
region would probably be governed by the release of 
heat of vaporization required for phase equilibrium at 
the existing pressure distribution. Temperatures in the 
region would also be influenced by vaporization of hy- 
drocarbon, Thus, it is doubtful that an expression for 
radial temperature distribution based on heat conduc- 
tion only (such as the authors’ Eq. 9) would have prac- 
tical significance. 


As pointed out by Marx and Langenheim, the growth 
of the heated area under constant rate steam drive will 
eventually be limited economically by vertical heat loss. 


1References given at end of discussion. 
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The possibility of continuing to move heat economically 
by cold water injection or by increasing the steam in- 
jection rate appears to be a very important considera- 
tion. (Movement of liquids away from the injection 
well should increase injectivity.) Fortunately, the solu- 
tion presented by the authors may be generalized to the 
case of a variable heat injection rate. The general so- 
lution is: 


H(t) = 
A(t) (ar) ( e” erfc x ) (1) 
h t (2) 
W ere Xx Mh . . . . . . - . 


and the symbols used are those defined by Marx and 

Langenheim. The symbol H(t) represents the heat in- 

jection rate, which may be a function of time. The sym- 

bol,*, represents the convolution of two functions,’ cr: 
t 


oO 


0 

If steam is injected at constant rate, the convolution 
integral defined by Eqs. 1 through 3 may be solved 
readily to yield the Marx-Langenheim Eq. 2. If steam 
is injected at a series of constant rates not necessarily 
equal, the convolution integral may also be evaluated 
readily as a summation of terms similar to the Marx- 
Langenheim solution. (See Appendix.) A period of 
steam injection followed by cold water injection may 
be approximated as a drop in the steam or heat injec- 
tion rate. 

In conclusion, the solution presented by the auhors 
and the general solution presented herein appear to be 
very useful tools for consideration of thermal recovery 
of oil by steam injection or combinations of steam in- 
jection and water injection. 


APPENDIX 


The integro-differential equation presented by the 
authors is a special case of a more general problem 
which may be solved readily by the Laplace transform 
method as described by Churchill.” The heat injection 


PETROLEUM TRANSACTIONS, AIME 


term may vary as a function of time. Using Marx-Lan- 
genheim symbols, the problem becomes: 


t 


1A KAT 
at Dv (t 


oO 


The general solution to Eq. 4 was presented previously 
as Eq. 1. If the heat injection rate cannot be expressed 
analytically, it may be necessary to use numerical or 
graphical integration to obtain specific answers from 
Eq. 1. Furthermore, the heat injection function is sub- 
ject to certain mathematical conditions. It is doubtful 
that practical heat injection schedules could invalidate 
the solution, however. 


If the heat injection rate can be expressed by con- 
stant values for increments of time (for example, 
monthly average values), 


H = H, for 0<t< t, 
13 


(5) 


The convolution integral for the heat injection schedule 
given by Eq. 5 may be substituted in Eq. 1. The result 
will be a summation of separate integrals over each 
increment. The integral for each increment of time can 
be expressed as the difference between the integral 
from time zero to the terminal time of the increment 
less the integral from time zero to the initial time of 
the increment. Since the analytical solution for each 
such integral is known (Marx-Langenheim Eq. 2), we 


AUTHOR’S REPLY 


As Ramey has pointed out, the expressions developed 
here can be applied to any areal sweep-out geometry. 
We have used radial geometry simply to provide an il- 
lustrative example, for which one might specify a sweep- 
out distance as well as an area. It was not our intention 
to place any geometric restriction on future applica- 
tions. 

In extending this approach to the case of variable 
heat injection rates, Ramey has made a major con- 
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may write the solution for heated area with an injec- 
tion schedule given by Eq. 5 as: 


A(t) = H, Es | > 


m= 1 


When the heat injection rate is constant, the difference 
in heat rates within the summation is zero, and Eq. 
6 simplifies to the solution presented by the authors’ 
Eq. 2. Eq. 6 may be solved readily as a simple tabular 
calculation with the functions presented by the authors, 
or by Carslaw and Jaeger." 
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tribution. This important generalization adds much to 
the practical application possibilities. As authors, we 
are most indebted for this very constructive criticism. 


We agree that this calculation applies most rigor- 
ously to the injection of a condensable vapor, such as 
steam, at its saturation pressure. However, we also feel 
that it will serve as a useful engineering approximation 
for the injection of hot fluids in general, for most prac- 
tical heat injection projects. nak 
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When a gas is displaced by another in a porous 
medium, and there is a relative immobile liquid present, 
there is a transition zone in which the gas composition 
varies from essentially that of the original gas to that 
of the injected gas. The change in extent of this zone 
with time may be governed by a mixing process in the 
direction of flow and by the rate of establishment of gas- 
liquid equilibrium, if the gases are appreciably soluble 
in the liquid. 

The relative importance of these two factors in deter- 
mining the growth of the transition zone is discussed, 
with appropriate equations and experimental data. 


The various solution methods of oil recovery involve 
a transfer of the components of a mixture, whether 
within a single phase or between a liquid and gas. The 
similarity of a natural porous medium to systems used 
in separation and chromatographic processes makes it 
seem reasonable that certain concepts used by chemical 
engineers in “mass transfer” might be applicable to 
petroleum reservoirs. One approach, the HETP (height 
equivalent to a theoretical plate), involves a distance or 
length of time over which equilibrium might be con- 
sidered as established. Another approach involves direct 
use of a rate of mixing or rate of establishment of 
equilibrium, The latter approach has been preferred in 
relation to production problems. 


DISCUSSION AND PROCEDURE 


When a gas or liquid in a porous medium is dis- 
placed by one of different composition but miscible 
with it there will be set up a transition zone in which the 
composition varies from essentially that of the original 
fluid to essentially that of the injected fluid. If the 
fluid being displaced is a gas, and there is a relatively 
immobile liquid present, the transition zone may be 


Original manuscript received in Society of Petroleum Engineers 
office Feb. 7, 1958. Revised manuscript received Oct. 1, 1958. 
ih bees associated with Sinclair Research Laboratories, Tulsa, 
a. 
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defined such that the liquid ahead of and behind this 
zone is practically in equilibrium with the original and 
injected gas, respectively. It is the extent of the transi- 
tion zone which is of primary interest, for, if this is 
relatively small compared to the whole system approxi- 
mate recovery calculations can be made purely by an 
over-all material balance and, if two phases are in- 
volved, by equilibrium considerations. 


A differential continuity equation for single-phase, 
linear miscible displacement may be written as follows’. 


The assumptions involved in this equation (such as 
lack of segregation by capillary sizes) have been dis- 


1References given at end of paper. 
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cussed elsewhere’. If A, is assumed proportional to the 
concentration gradient, 


Eq. 1 becomes 
oC 


where m is a mixing or dissipation factor in the direc- 
tion of flow, measuring the tendency of the concentra- 
tion gradient to decrease.* A solution of Eq. 3 for an 
infinite gradient at (x = 0,t =) and constant y and 
m, is as follows’. 


x 
erie + 0S exp (vx/m).erfc 
\/ mit \/mt 
(4) 


where the second term may usually be dropped‘ (see 


If a stationary liquid is present a term must be added 
for the interphase transfer*, and the continuity equation 
for the moving gas phase becomes 

oC oc 


m1 


ot Ox Ox S,p ot 
This equation does not easily lend itself to an analytical 
study. However, some limitations might be imposed for 
simplification. For instance, the establishment of inter- 
phase equilibrium may be sufficiently rapid so that the 
behavior of the system is essentially the same as if 
equilibrium were established instantaneously. This 
should be true at very low velocities. For that case, 
instead of using Eq. 5 we may derive an equation 
based on instantaneous establishment of equilibrium and 
a gas-liquid material balance. Assume that gas-liquid 
equilibrium has been established at a certain point. 
Per cubic centimeter of pore volume there are S,KC 
cc of a component (gas corrected to ambient total pres- 
sure) in the oil and S,C cc in the gas. Now let C be 
increased by dC = — v (éC/dx)dt due to movement 
of the gas phase. If a new equilibrium is established 
immediately part of the increase will be used up by 
being dissolved in the oil, leaving only 6C as the net 
increase. A material balance then gives 


S,dC 
Hence, the actual rate of change, 0C/ct, due to the 
gradient is lessened by the factor, S,/(S,K + S,). A 
similar argument applies to the transfer term, dA,. 
Eq. 3 therefore becomes 


IGS oC aC 
- =—-v— 

S, ot Ox Ox 
K being constant if Henry’s and Boyle’s laws are valid. 
For constant S,, S,, v and m, the solution is the same 
as Eq. 4, except that vS,/(KS, + S,) takes the place 


a 


LABORATORY EXPERIMENTATION 


Some experimental work was carried out in this lab- 
oratory with the object of studying the relative impor- 
tance of a departure from equilibrium (which governs 
the value of 0C,/dt in Eq. 5) in determining the spread of 
the transition zone with time and distance. The prob- 


*The term m in Eq. 3 is the same as the ED of Offeringa and 
van der Poel? and the S of Aronofsky and Heller*, The symbol m™ 
was used by Griffith and Nielsen? who, as did Aronofsky and Heller, 
suggested that ‘“‘mixing’’ may better define the process than “dif- 
fusion.” 
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lem has an interesting counterpart in heat transfer in 
porous media™. 

A series of linear horizontal displacements of one 
gas by another were made in a 500-md Berea sandstone 
core 7.5 cm in diameter and 84-cm long. This was 
encased in Lucite 0.75-in. thick with end plates 1/32 in. 
from the ends of the core. The efflux gas was analyzed 
continuously with a thermal conductivity cell and a 
fast-response Brown recorder, calibrations having been 
made with known mixtures. The temperature was main- 
tained constant at 90°F by having the core immersed in 
an oil bath thermostatically controlled. The temperature 
of the conductivity cell and that of the reference gas 
were also closely controlled. The flow space between 
the downstream end of the core and the conductivity 
cell was kept small by using steel capillary tubing. 

At the upstream end lines were properly flushed so 
that the extent of the transition zone at this end would 
be small compared to that at the downstream end. Dis- 
placements were carried out with and without the pres- 
ence of oil (hexadecane) at the “residual” (immobile) 
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saturation, 35.7 per cent. These will be referred to as 
“wet” and “dry” runs, respectively. Pressures varied 
from atmospheric to 112 psia at the downstream end 
with 2 to 20 psi drop over the core length. The average 
pressure and displacement rate during a run were main- 
tained essentially constant by manual control using a 
“rotameter’. 


The various runs included displacement of carbon 
dioxide by methane, methane by nitrogen, and a nitro- 
gen-carbon dioxide mixture (80:20) by a nitrogen- 
methane mixture (80:20). When the immobile oil was 
present sufficient time was allowed (usually several 
hours) to insure equilibrium with the gas to be dis- 
placed at the desired pressure before the displacement 
was begun. 


Fig. 1 shows a typical pair of curves for efflux com- 
position as a function of time. The time scales were 
arbitrarily moved so that the curves intersect at C = 0.5. 

Curves similar to those of Fig. 1 were used to cal- 
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culate values of the “axial mixing constant”, m, using 
Eq. 4. These are plotted against v in Figs. 2 through 7. 
In order that the calculations may be based solely on 
the “spread” of the major part of the transition zone, 
v was defined as the length of the core, x = 84, divided 
by the time at which C = 0.5. Values of m were cal- 
culated using C; = 0.9 and C; = 0.1, with the corre- 
sponding values of ft, and x = 84. Only the first term 
of Eq. 4 was used. It was found that the use of the 
second term would increase the calculated values of m 
by about 10 per cent, with a consistent trend that would 
not affect the interpretation of the curves. The use of 
the complete equation would hardly be justified in view 
of the various departures from theory. It was men- 
tioned before that vS,/(KS, + S,) should appear in 
Eq. 4 as applied to the wet runs instead of v. This is 
automatically taken care of by the definition of v used, 
since the velocity of the center of the transition zone 
will be slower than the fluid velocity by the factor, 
S,/(KS, + S,). Upstream and downstream pressures, 
psia, are indicated at the respective points in Figs. 2 
through 7. 
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It is apparent that the values of m are higher for the 
wet runs than for the dry runs. This is in the direction 
expected on the basis of the different pore geometry. 
Thus, it has been found that, other things being equal, 
the spread of the transition zone is greater in a con- 
solidated sand than in an unconsolidated sand due to the 
less efficient transverse mixing in the former case. The 
presence of a stationary liquid phase would be expected 
to have the effect of an increased degree of consolida- 
tion. There was no apparent effect of average pressure 
since the points correspond to different pressures ran- 
domly spaced with respect to v. 

Figs. 2 through 7 show m to vary with a power of 
the velocity between unity and two. Aronofsky and 
Heller found this power to be about 1.2 for von Rosen- 
berg’s data*. Values calculated for C; = 0.9 are some- 
what larger than those calculated for C; = 0.1 in both 
the wet and the dry runs. In view of these trends the 
results appear at least not out of line with the assump- 
tion of a rapid establishment of equilibrium. However, 
some contribution of the interphase transfer rate must 
be present in increasing importance as the velocity 
is increased. 

The integration of Eq. 6 is on the assumption of 
constant v over the core length. This, of course, cannot 
be realized experimentally because of the pressure drop 
necessary for flow. By keeping a back pressure on the 
efflux end the relative change in velocity was kept as 
small as feasible for the range of velocities to be studied. 
Gravity and capillary end effects are believed to be 
negligible for the purpose of the experiments. 


NOMENCLATURE 


A, = volume of a component (at ambient total 
pressure and temperature) transferred in 
x-direction per unit time per unit cross 
section of phase 


C = volume fraction of a component in gas 
phase 

C, = volume fraction of a component in liquid 
phase 
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C; = volume fraction of injected component in 
gas 
K = volume of gaseous component at ambient 
total pressure and temperature dissolved 
by unit volume of liquid 
m = “axial mixing constant”; proportionality 
constant of Eq. 2, length’/time 
t = time (minutes in calculations) 
p = density of pure gaseous component at 
ambient total pressure and temperature 
p, = density of pure liquid component at am- 
bient total pressure and temperature 
v = velocity, volume per unit time per unit 
phase cross section 
distance in direction of flow 


x 


The authors wish to express their appreciation to The 
Pennsylvania Grade Crude Oil Assn. and Gulf Research 
& Development Co. for the support of a part of this 
work. The material for this note was taken from the 
PhD thesis of R. E. Gilchrist, The Pennsylvania State 
U., 1958. The work is a continuation of a project on 
mass transfer started in this laboratory by Floyd W. 
Preston, now at the U. of Kansas. 
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ABSTRACT 


A method is presented for calculating individual gas 
and oil or water and oil relative permeabilities from 
data obtained during a gas drive or a waterflood experi- 
ment performed on a linear porous body. The method 
has been tested and found both rapid and reliable for 
normal-sized core samples. 


DU 


Individual oil and gas or oil and water relative per- 
meabilities are required for a number of reservoir engi- 
neering applications. Chief among these is the evalua- 
tion of oil displacement under conditions where gravi- 
tational effects are significant, such as a water drive or 
crestal gas injection in a steeply dipping oil reservoir. 
Numerous proposed methods of obtaining relative 
permeability data on reservoir core samples have been 
too tedious and time consuming for practical use, or 
have yielded questionable and sometimes inconsistent 
results. 

A method has been developed by which the indi- 
vidual relative permeability curves can be calculated 
from data collected during a displacement test. The 
method is based on sound theoretical considerations. 
Using this method, with a properly designed experi- 
mental procedure, relative permeability curves can be 
obtained using core samples of normal size (i.e., 2 to 
3 in. in length and 1 to 2 in, in diameter) within a 
few days after receipt of the core. 


In a recent publication D. A. Efros’ describes an 
approach to the calculation of individual relative per- 
meabilities that is based on the same theoretical con- 
siderations. We believe the approach described in the 
present paper is more adaptable to practical application 
than the method implied by Efros. In addition, compari- 
sons with independently determined relative permeabili- 
ties are furnished to substantiate the reliability of the 
new method. 


Original manuscript received in Society of Petroleum Engineers 
office Dec. 20, 1957. Revised manuscript received Dec. 10, 1958. 
1References given at end of paper. 
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DERIVATION 


Previously the theory of Buckley and Leverett as 
extended by Welge’ has been used to calculate the ratio 
of relative permeabilities. In the derivation which fol- 
lows, this theory is further extended to permit calcula- 
tion of the individual relative permeabilities. 


The theory assumes two conditions which must be 
achieved before the method is applicable. They are that 
the flow velocity be high enough to achieve what has 
been termed stabilized displacement,’ and that the flow 
velocity is constant at all cross sections of the linear 
porous body. In stabilized displacement the flowing 
pressure gradient is high compared with the capillary 
pressure difference between the flowing phases. The 
high pressure drop insures that the portion of the core 
in which capillary effects predominate will be com- 
pressed to a negligibly small fraction of the total pore 
space. The assumption of constant flow velocity at all 
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cross sections requires that the phases behave as immis- 
cible incompressible fluids. When one of the phases is 
gas, essentially incompressible behavior can be ob- 
tained by maintaining a pressure level high enough 
that the expansion of the gas accompanying the pres- 
sure drop across the system can be neglected. 


Some of the relations presented previously by Welge 
are needed for the calculation of individual relative 
permeabilities. These are given as follows. 


1 

f 

as. 
(f.)2 = aw, 
(5) 


Consider now a particular instant during a displace- 
ment experiment. The pressure drop across the system 
of length L may be expressed as the integral 


ap = — ax (7) 
8x 
Substituting for 8p/dx from Eq. 5, 
fe 
K dx (7a) 


At a given instant in the displacement, according 
to Eq. 6, the various saturations have moved distances 
along the length of the core given by 


Substitution of Eq. 6a into Eq. 7a gives 
f'2 
ApKf’, +/ADs 
(7b) 
up u/Ap If 
0 


The symbol /, is taken from Rapoport*. He describes 
I, in terms of the intake capacity, u/Ap, as follows. 


“The symbol /,, designated as relative injectivity, is a 
dimensionless function of cumulative injection, describ- 
ing the manner in which the intake capacity varies with 
cumulative injection. From a physical viewpoint, the 
relative injectivity may be defined as the ratio of the 
intake capacity at any given flood stage to the intake 
capacity of the system at the very initiation of the 
flood (at which moment practically only oil is flowing 
through the system). This latter definition permits the 
determination of the relative injectivity function for a 
given type of reservoir rock from the measurements of 
flow rate and pressure drop taken at successive stages 
of a waterflood susceptibility test.” 


Practical applications of the derivation just outlined 
can now be obtained by treating the relationship Eq. 
7b as an equation in terms of the variable, f’,. Differ- 
entiating Eq. 7b with respect to f’,, and noting that 
ordinary rather than partial differentiation can be used 
since f’ is the only independent variable at the moment 
considered, yields 


fo 
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A more usable torm for Eq. 8 obtained by making 
use of the fact that f’, is equal to the reciprocal of the 
cumulative volume injection, is 


1 
fe 


d ( ) kee 
W, 

The cited relationships provide the means for cal- 
culating individual relative permeabilities. Specifically, 
for any instant in the displacement, i.e., for any value 
of cumulative injection W,, the derivative in Eq. 8a can 
be evaluated from data collected during the experiment. 
For a given value of W, the fraction of oil in the 
effluent, f,, can be evaluated separately by Eq. 3. The 
k,., Which is then obtained by dividing f, by the deriva- 
tive from the left-hand side of Eq. 8a, is the relative 
permeability to oil at the outlet face saturation, S,. The 
S, for the W; under consideration is obtained by rear- 
ranging Eq. 4: 


The expression for the relative permeability of the 
displacing phase at S, is obtained by solving Eq. 2 


EXPERIMENTAL VERIFICATION 
OF THE METHOD 


In one application of the new method water and oil 
relative permeabilities were calculated from flooding 
data obtained on a glass-bead packing. Three floods 
were run on the glass-bead system at oil-water vis- 
cosity ratios of 1:1, 5:1 and 37:1. Because flooding 
behavior is dependent on viscosity ratio the calculated 
relative permeability curves cover a different range in 
saturation for each of the floods. The results of these 
calculations are presented in Fig. 1. It can be seen that 
the three segments of the relative permeability curves 
are in close agreement. This indicates that the new cal- 
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SANDSTONE Core, PERMEABILITY = 165 mp; CoNNATE WATER 
= 28.8 pER CENT OF PorRE VOLUME. 
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culation procedure is valid and can be relied upon to 
give dependable oil and water relative permeability 
curves if accurate test data are available. 

Evidence attesting more directly to the reliability of the 
new method has been obtained by comparing relative 
permeabilities calculated from data taken during displace- 
ment tests with relative permeabilities measured directly 
during steady-state tests. For the steady-state tests long 
cores, about 12 in., were used to improve the accuracy 
of the saturation determination and to minimize end ef- 
fects. Displacement tests were carried out on these long 
cores as well as on short, 2 to 3 in., core samples. Both 
gas-oil and oil-water relative permeability curves for 
several different types of porous material were obtained 
by the two different methods. In all cases there is ex- 
cellent agreement. In practice, the new calculative 
method has proven faster and simpler than other 
methods for obtaining relative permeability data. Fur- 
thermore, relative permeability values can be calcu- 
lated from displacement data obtained on short cores 
such as are usually employed in routine core analysis 
tests. 

A sample of the data obtained during this investi- 
gation is shown in Figs. 2 and 3. Calculated and meas- 
ured relative permeabilities for one of the porous mate- 
rials used, Weiler sandstone, are shown. The agreement 
is apparent. 


CONCLUSIONS 


The present work may be summarized by the fol- 
lowing conclusions. 


1. A theoretically sound method has been developed 
for calculating gas-oil or water-oil relative permeabili- 
ties from gas flood or waterflood data. 


2. A comprehensive test of the method has been 
made, and it has been found to yield reliable results 
which are in agreement with direct measurements of 
relative permeabilities obtained in steady-state flow tests. 

3. The method is far less time consuming than other 
reliable methods for obtaining relative permeability 
data. 

4. Reliable relative permeability values can be cal- 
culated from data obtained in displacement tests on 
short core samples such as are usually available for 
routine analysis. 

5. Because of conclusions just cited, the method 
developed in this article offers a fast, yet reliable, means 
for obtaining individual relative permeabilities from 
displacement data obtained on normal-sized reservoir 
core samples. 


f = fraction of displacing phase in flowing stream 

f. = fraction of displaced phase in flowing stream 

= af/dS 

I, =u/Ap (u/Ap at start of injection) 

K = total permeability (permeability to oil at 
initial conditions) 

relative permeability, fraction of K 


k, 


*See AIME Symbols in Trans. AIME (1956) 207, 363, for 
other symbol definitions. 
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W, = cumulative injection in pore volumes 
u = average velocity of approach toward enter- 
ing sand face = g/A 


v = average velocity inside pores = u— (frac- 
tional porosity) 
x = position 
SUBSCRIPTS 


av = average 

w = pertaining to water (or other displacing 
phase) 

oO = pertaining to oil (displaced phase) 

start of displacement 

2 = pertaining to outlet face of porous body 


a 
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Application of Laboratory Data in Calculating the 
Primary Production History of the Cisco K-1 Reservoir 


WILLIAM C. HARDY 
B. W. McARTHUR 
JUNIOR MEMBERS AIME 


The purpose of this work is to skow application of 
laboratory data in calculating solution gas-drive per- 
formance of the Cisco K-I reservoir. Included herein 
is a diagram showing the graphical relationship between 
six variables common to all solution gas-drive mecha- 
nisms. With an iterative process one may assume exist- 
ence of any of these six variables at a_ particular 
pressure and calculate the production performance likely 
to occur in a reservoir produced by solution gas drive. 

Four unique pressure values are described at which 
the material balance equation alone is sufficient to 
predict the cumulative volumes of gas produced. Infor- 
mation derived from these pressure points establishes 
a criterion for determining compatibility of the pressure- 
volume-temperature (PVT) analysis of the produced 
crude with the gas production history. 

Two averaging procedures are used to arrive at a 
relative permeability-suturation relationship which de- 
scribes the field-wide performance. 


C LION 


The Cisco K-1 reservoir is a lenticular-type sand 
structure lying at approximately 6,300-ft subsurface. 
It is located in the H. and T. C. Railroad Co. Block 
97, SW % S 392 and NW %4 S 385, Scurry County, 
Tex. Correlation of data from logs indicated that the 
Cisco K-1 reservoir occupied approximately 3,218 
acre-ft of space with a closure of from 15 to 20 ft. 

Analysis of the production data indicates that the 
initial formation pressure and temperature were 2,450 
psig and 121°F, respectively. The bubble point occurred 
at 1,715 psig after production of 12,256 STB oil and 
11,520 Mcf gas. Only traces of water have been pro- 
duced since initiation of production. Successive material 
balance calculations from June, 1952, to June, 1957, 
showed that no initial gas cap or water influx has con- 
tributed to production of oil and that the Cisco K-1 
reservoir originally contained approximately 1.44 x 10° 
STB of oil. 


THEORY 


Methods for calculating solution gas-drive perform- 


Original manuscript received in Society of Petroleum Engineers 
office July 29, 1958. Revised manuscript received Jan. 12, 1959. 
Paper presented at 33rd Annual Fall Meeting of Society of Petro- 
leum Engineers in Houston, Tex., Oct. 5-8, 1958. 
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ance have been presented by Tarner®, Muskat* and 
Tracy’. In each, some unique arrangement of the 
Schilthuis* material balance equation is solved simul- 
taneously with the instantaneous GOR equation by an 
iterative process to obtain cumulative gas and oil pro- 
duced at a particular pressure. 

Possibly the simplest of the three methods to apply 
was presented by Tracy. In this method Tracy simul- 
taneously solved the material balance equation arranged 
as follows. 


+ G,®,, (1) 
with the instantaneous GOR equation, 
JB 
1S Keo B, 


by an iterative process. 

Shown in Fig. 1 is a graphical representation of Eq. 1 
where N = 1 STB of oil. Here it can be seen that a 
plot of N,®, vs G,®, produces a straight line which 
intersects the coordinates with 45° angles at the points 
(1,0) and (0,1). It can be shown that all practical 
solutions of Eq. 1 will fall on the diagonal line between 
some maximum point, J, and some minimum point, F. 
To establish this, let any point, H, located on the diag- 
onal line between J and F, be a valid solution of Eqs. 
1 and 2, then it can be shown that 

G,® ®, 


2 HAC-— Tan Rox 


where R, = cumulative GOR. 

Now to establish the minimum value of angle 9, i.e., 
when ZHAC = ZFAC, consider the production of only 
1 reservoir bbl of oil. For all practical purposes it can 
be assumed that the reservoir remains at its original 
pressure after this production has taken place, and that 


1 = Re ®, B,; 


By substituting Eq. 4 into Eq. 3 the minimum value 
of 8 becomes 


R, 
Onin = Tan” (4a) 
1 
Ba 
thus, establishing point F, Fig. 1. 
References given at end of paper. 
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Starting from this position the next solution can ve 
obtained by first picking a pressure and establishing 
point E which has the coordinate, 
Now, by drawing a vertical line through E to intersect 
the diagonal line, N,®, + G,®, = 1 at L, it 
seen that the distance, LE, equals AN,®, + AG,®,. In 
the majority of cases the solution, H, will be located on 
the diagonal line between points L and D, where D is 
the intersection between the diagonal line and an ex- 
tension of the line, AE. Since the rectangular distance 
between E and H equals AN,®, + AG,®, it can be seen 
that 

AN,@, Tan” R (5) 

This now locates each of the components which must 
satisfy Eqs. 1 and 2 in order for point H to be a unique 
solution of the depletion-drive mechanism at the re- 
quired pressure. In fact it can be shown that the 
knowledge of any one of these six variables fixes the 
remaining five variables, thus permitting the solution, 
H, to be obtained. These six variables are: cumulative 
oil produced, N,; cumulative gas produced, G,; incre- 
mental oil produced, AN,; incremental gas produced, 
AG,; average instantaneous GOR, R, and K,/K,. It 
now becomes obvious that with an iterative process, 
discrete assumptions of existence of any one of these 
six variables at a particular pressure will lead to a 
unique solution of Eqs. 1 and 2. 

If point H can be envisioned as traveling along the 
diagonal line, N,®, + G,®, = 1, representing simul- 
taneous solutions of Eqs. 1 and 2, it can be shown that 
as the pressure decliries angle 6 will at some moment 
become equal to angle JAC, then diminish to angle 
KAC before coming to rest equaling angle BAC. In 
other words, as the pressure declines, point H will 
travel along the diagonal line, N,®, + G,®, = 1, to 
point J, return to some point K and theoretically come 
to rest at point B when the reservoir pressure has 
declined to O psia. 


Another interesting reservoir parameter seen from 
Fig. 1 is the x/L ratio, i.e., the distance LH divided 


e = APHE = Tan 


Fic. 1—GrapuicaL REPRESENTATION OF SoLuTION Gas Drive. 
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by the distance LD. This parameter can be expressed 
as a function of other variables shown in Fig. 1 as 
follows. 

iB 
Other than having application in the graphical solution 
of Eqs. 1 and 2, the x/L ratio is indicative of reservoir 
producing efficiency. Its magnitude will generally range 
between zero and one except for a relative short time 
during the early and latter portions of the life of the 
reservoir. The concept that x/L indicates producing 
efficiency can be understood by superimposing point H 
first upon point D then L. In the first case, when x/L = 
1, angle e becomes equal to angle © which implies that 
the average instantaneous GOR is equal to the cumu- 
lative GOR. In the second case, when x/L = 0, angle e 
is 90° and the incremental oil production diminishes 
to zero resulting in an infinite instantaneous GOR. 


(6) 


PRESSURE-VOLUME-TEMPERATURE DATA 


Early in this investigation it was discovered that no 
PVT analysis of the fluids produced from the Cisco 
K-1 reservoir was available. This gave immediate rise 
to the problem of what criterion or standard should be 
used to determine if a PVT analysis represents the 
crude being produced. At least two sources of informa- 
tion became apparent from which such a criterion could 
be devised: (1) actual production history and (2) the 
material balance equation. 


From the production history it was determined that 
the initial solution GOR, and bubble point pres- 
sure were 0.94 Mcf/STB and 1,715 psig, respectively. 
Looking then to the material balance equation it was 
observed that typical ®, vs pressure curves intersect 
the pressure coordinate at three distinct points. At these 
unique pressures where ®, = 0, the material balance 
equation simplifies to 


G, =1/8, =R, 
Also, it can be shown that when ®, = 0, the following 
is true. 

(8) 


From an analysis of Eq. 7 it is seen that the cumu- 
lative gas produced at each pressure where ®, = 0 is a 
function of PVT data alone. Conversely, it can be con- 
cluded that if a PVT analysis is to correctly represent 
the fluids produced from a volumetric reservoir, then 
Eq. 7 must be satisfied by the cumulative gas produced 
at the three pressures where ®, = 0. Therefore, by 
substituting PVT and production data at the highest 
pressure where ©, = 0 into Eqs. 7 and 8, the value of 
B,, and slopes of the B, and R, vs pressure curves 
should be established. 

With this theory in mind several PVT analyses show- 
ing the same initial solution GOR and bubble point 
pressure as that in the Cisco K-1 reservoir were tested 
by Eqs. 7 and 8 and the actual gas produced. As a 
result of this, a PVT analysis on a crude produced 
from a sand lentil in the vicinity of and at comparable 
depths to the Cisco K-1 reservoir was found to give 
good agreement with theory and was therefore adopted. 
Confidence in this adopted PVT analysis was later 
established when successive solutions of the material 
balance equation indicated that 1.44 x 10° STB of 
oil was initially in place compared with 1.35 < 10° STB 
calculated from volumetric considerations. 
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RELATIVE PERMEABILITY DATA 


One-in. diameter samples, 1.5-in, long, were cut from 
each foot of the 42 ft of core recovered from the three 
wells producing the Cisco K-1 reservoir. Each sample 
was analyzed in the laboratory and their porosity, 
permeability, irreducible water saturation and gas/oil 
relative permeability determined. Average values for 
porosity, permeability and irreducible water saturation 
were found to be 18 per cent, 20.4 md and 45 per cent, 
respectively. The gas/oil relative permeability data was 
obtained with irreducible water in place using the gas- 
drive technique similar to that described by Owens, 
et al’. The same pressure gradient was used during the 
external gas drive on each core to form a basis from 
which relative permeability data could be averaged. 

Resulting from each of the external drives were plots 
of cumulative gas and cumulative oil vs time for each 
core. These curves were then grouped according to the 
well they represented and averaged by summing the 
cumulative volumes of oil and gas produced to a chosen 
time and dividing by the cumulative pore volumes of 
each group. This produced a plot of average gas satura- 
tion vs cumulative pore volumes of gas injected for 
each well. From this latter curve the individual well 
relative permeability curve was calculated by the method 
taught by Welge”. This averaging technique pro- 
duces results which approach that which would be pro- 
duced if all samples in each group were simultaneously 
gas driven while arranged in parallel. 

The field-wide relative permeability curve was ob- 
tained by plotting a chosen K,/K, value vs the average 
of the corresponding end face gas saturations taken 
from the individual well curves. Although this tech- 
nique has obvious limitations it seemed justified since 
the depletion rates and producing bottom-hole pressures 
of the three wells were approximately equal. 


PRODUCTION HISTORY 


Comparison between calculated and actual amounts 
of oil and gas produced from the Cisco K-1 reservoir 
is shown in Fig. 2. The solid curve represents actual 
production from the field while the symbols [_] and A 
represent calculated cumulative volumes of oil and gas, 
respectively. It can be seen from Fig. 2 that fair 
agreement exists between the actual and calculated 
production history. The maximum deviation of calcu- 
lated volumes from actual volumes of oil produced 
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amounts to approximately 6 per cent, which occurs at 
1,150 psig. In the case of gas production the maximum 
deviation of calculated amounts from actual amounts 
is approximately 3.5 per cent occurring at 550 psig. 
The x/L ratio, heretofore described as being indica- 
tive of the producing efficiency of a reservoir, was also 
evaluated with the interest of discovering an empirical 
short cut in making solution gas-drive calculations. 
Here it was found that the cumulative volumes of oil 
and gas predicted were fairly insensitive to large differ- 
ences in the assumed values of the x/L ratio. In fact, 
it was found that the value of x/L could be adequately 
approximated by the empirical expression, 
L WO, 
Calculations using Eq. 9 resulted in cumulative vol- 
umes of gas and oil which were surprisingly close to 
actual production data. These results are shown in Fig. 
2 by the solid [] and A symbols. Certainly it is not 


TABLE 1—SUMMARY OF SOLUTION GAS-DRIVE CALCULATIONS, CISCO K-1 RESERVOIR 


P Bo By Rs Mo/ by Pn Py R Np Gp So Ko/Ko 
1715 1.8391 1.250 -9400 12,256 15,332 2 
1700 1.8330 1.261 .9350 12.967 3204.4 6178.8 .93500 12,415 15,481 99811 1.56 x 10-%# 
1650 1.8160 1.310 -9200 13.900 197.07 422.66 .92000 14,678 17,581 99217 9.08 x 10-%7 
1600 1.8000 1.368 .9040 14,767 55.526 134.84 .90400 20,225 22,639 .98530 2.03 x 10-* 
1550 1.7810 1.430 -8900 15.667 37.935 106.72 .89000 22,811 24,958 .97869 3.1410 
1500 1.7610 1.490 .8745 16.400 23.495 76.437 92181 27,598 29,295 .97098 .0023806 
1450 1.7450 1.550 .8600 17.166 13.779 51.837 1.2227 34,734 36,899 96364 .018749 
1400 1.7280 1.625 .8430 17.900 7.6973 34.927 1.4441 43,995 49,215 95529 081558 
1350 1.7100 1.700 -8290 18.500 5.0455 28.525 1.6147 50,187 58,675 94780 042212 
1300 1.6927 1.785 .8120 19.166 2.9640 21.748 1.8710 59,322 74,567 .93953 058227 
1250 1.6790 1.860 .7985 19.800 1.8798 18.042 2.1226 66,468 88,816 93306 .074071 
1200 1.6616 1.951 .7820 20.400 1.0395 14.921 2.3478 74,470 106,678 92527 .090102 
1150 1.6435 2.055 7680 20.966 -41340 13.018 2.5895 81,012 122,825 91783 10862 
1100 1.6297 2.170 7510 21.666 .00015 10.811 2.8604 90,038 147,401 91082 
1050 1.6125 2.290 7365 22.066 — 30944 9.5650 3.1465 96,679 167,331 .90372 all 
1000 1.5972 2.419 7200 22.666 — 49773 8.3333 3.4773 104,179 192,152 .89690 

950 1.5800 2.660 7050 23.266 — 80683 7.2677. 3.7711 112,677 222,928 .88928 
900 1.5661 2.730 6900 23.966 — .77558 6.6667 4.1593 117,421 241,729 .88386 Cee) 
850 1.5500 2.910 6750 24.666 — 85936 6.0367 4.5515 123,379 267,661 .87746 eit 
800 1.5343 3.110 .6600 25.533 5.4947 4.9671 129,051 294,639 .87131 
750 1.5185 3.350 6440 26.366 — 95216 4.9925 5.3833 134,862 324,691 86512 
700 1.5000 3.598 6290 27.300 — .97854 4.6135 5.8705 139,687 351,828 
650 1.4820 3.885 6130 28.173 — .98490 4.2538 6.3476 144,564 381,600 
600 1.4625 4.231 5990 29.100 — 98053 3.9684 6.8264 148,833 409,710 .84554 
550 1.4415 4.630 5815 30.066 — 97816 3.6859 7.4613 153,084 440,061 
500 1.4170 5.115 5680 31.140 — .98964 3.4774 8.1188 156,542 466,984 .8309 
450 1.3920 5.705 5515 32.333 — .96720 3.2614 8.9055 160,063 496,930 
400 1.3651 6.434 .5370 33.633 — .95520 3.0864 9.7726 163,026 524,581 .8151 : 
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implied that the expression in Eq. 9 has any significance 
other than for the Cisco K-1 reservoir. However, it 
could indicate that a general rule of thumb could be 
developed which would make possible a quick approxi- 
mation of solution gas-drive performance. 


CON GLUSLONS 


1. A graphical representation of the solution gas- 
drive mechanism has been presented. Using this graph 
with the appropriate PVT and K,/K, data, one may 
assume the existence of any one of six variables and, 
by an iterative process, predict the production history 
likely to result from the reservoir when produced by 
solution gas drive. Caution should be practiced in selec- 
tion of the assumed variable since each does not pro- 
duce the same accuracy in the same pressure range. 

2. A criterion has been outlined for evaluating re- 
liability of a PVT analysis in predicting production per- 
formance of the solution gas-drive mechanism. 

3. A straightforward method has been described 
for averaging relative permeability data obtained from 
the external gas-drive technique which gave good re- 
sults in calculating production performance of the Cisco 
K-1 reservoir. 

4. A ratio, indicative of producing efficiency, has 


been described which when equal to \/®, + ®, — 


1//®, + ®, gave good results in calculating produc- 
tion history of the Cisco K-1 reservoir. 
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Theory and Application of Imbibition Phenomena in 


JUNIOR MEMBER AIME 
J. G. RICHARDSON 


ReAGe 


The purpose of this paper is to 
present the results of theoretical and 
experimental studies of water imbi- 
bition. The imbibition processes are 
involved in recovery of oil from 
stratified and fractured-matrix forma- 
tions in natural water drives and 
water flooding. An understanding of 
the role of imbibition in implement- 
ing the recovery of oil from such 
formations is deemed essential to 
proper control of these reservoirs to 
achieve maximum recovery. 


The theoretical studies involved 
development of the differential equa- 
tions which describe the spontaneous 
imbibition of water by an oil-satu- 
rated rock. The dependence of the 
rate of water intake by the rock on 
the permeability, interfacial tension, 
contact angles, fluid viscosities and 
fluid saturations is discussed. A few 
experiments were performed using 
core samples to determine the effects 
of core length and presence of a free 
gas saturation. 


The role of water imbibition in 
recovery of oil from a_ fractured- 
matrix reservoir by water flooding 
was investigated by use of a labora- 
tory model. This model was scaled 
to represent one element of a frac- 
tured-matrix formation. Water floods 
were made at various rates with sev- 
eral fracture widths. Interpretations 
were made of the behavior expected 
in a system containing many matrix 
blocks. 


The presence of a free gas satura- 
tion was found to reduce the rate of 
water imbibition. In the reservoir 
prototype of the fractured-matrix 
model, water imbibition rather than 
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direct displacement by water was the 
dominant mechanism in the recovery 
of oil at low rates. 


Imbibition may be defined as the 
spontaneous taking up of a liquid by 
a porous solid. The spontaneous 
process of imbibition occurs when 
the fluid-filled solid is immersed or 
brought in contact with another fluid 
which preferentially wets the solid. 
In the process of wetting and flowing 
into the solid, the imbibing fluid dis- 
places the non-wetting resident fluid. 
Common examples of this phenom- 
enon are dry bricks soaking up water 
and expelling air, a blotter soaking 
up ink and expelling air and reser- 
voir rock soaking up water and ex- 
pelling oil. 

As increasingly better lithological 
descriptions have been made of the 
characteristics of petroleum-bearing 
formations, it has become obvious 
that imbibition phenomena which 
were once considered laboratory 
curiosities are of practical impor- 
tance. For instance, in reservoirs 
composed of water-wet sand strata 
of different permeability in intimate 
contact, the tendency of water to 
channel through the more permeable 
stratum is offset by the tendency for 
water to imbibe into the tight sand 
and expel oil into the coarse sand. 
Also, in fractured-matrix formations 
the tendency of water to channel 
through the fractures is offset by 
water-wet matrix blocks. As some 
imbibition of the water into the 
of the largest fields in the world are 
fractured-matrix reservoirs, it has 
become increasingly important to 
understand all the factors involved 
in the imbibition process. Examples 
of fractured-matrix reservoirs are the 
Spraberry field in West Texas which 
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produces from a fractured sand- 
stone’, the giant Kirkuk field in 
Iran’, the Dukhan field in Qatar, 
Persian Gulf’, and the Masjid-I-Sula- 
main and the Haft-Kel fields in 
Southwestern Iran, which produce 
from fissured limestone’. 


Research into recovery of oil from 
fractured-matrix formations was stim- 
ulated by the rapid decline of oil 
productivity of wells in the Spra- 
berry formation. One result of this 
research was the water imbibition 
process developed by the Atlantic 
Refining Co.* Another idea was that 
much of the Spraberry oil could be 
recovered by conventional water- 
flooding procedures’. Subsequently, 
pilot floods were conducted in this 
field to test the feasibility of these 
ideas. 

It was felt that an understanding 
of the role played by imbibition 
processes in displacement of oil from 
a fractured-matrix reservoir could 
not be obtained from field data alone 
because of the many complicating 
factors and uncertainties involved. 
Therefore, theoretical and laboratory 
studies were undertaken to provide 
this understanding. Study of the 
equations which describe the linear, 
countercurrent imbibition process 
provided an insight into the role of 
various factors in the process, such 
as the permeability of rock and inter- 
facial tension. In addition to the 
theoretical studies, imbibition experi- 
ments were conducted with core 
samples to determine the effect on 
the rate of imbibition of such vari- 
ables as core length and free gas 
saturation. 

The principal experimental studies 
were conducted by water flooding a 
scaled model of an element of a frac- 
tured-matrix reservoir to evaluate 


References given at end of paper. 


the relative roles of imbibition and 
direct displacement. 

This paper presents the results of 
these studies along with interpreta- 
tions of their meaning in terms of 
reservoir behavior. 


OF 


The problem considered is that of 
a length of homogeneous porous 
rock completely surrounded by an 
impermeable surface except for the 
one surface that is designated as the 
imbibition face. If the rock is com- 
pletely filled with oil and connate 
water, then it is observed that the 
presence of water on the imbibition 
face gives rise to the flow of water 
into and a counterflow of oil from 
the matrix. This is termed linear im- 
bibition because, in the macroscopic 
sense, the water advances in one 
direction only. Although the follow- 
ing development is for the linear 
countercurrent case, it is apparent 
that the development may be gen- 
eralized for any geometry. This theo- 
retical treatment is not concerned 
with the microscopic behavior of the 
wetting and displacement processes 
in individual pores, but is concerned 
with the gross or macroscopic be- 
havior. 


The basic equations used in this 
development were Darcy’s law for 
flow of both oil and water and the 
definition of capillary pressure. Using 
Leverett’s dimensionless J-function 
and noting that the flow rate of 
water at any point along the length 
of the core was equal to the flow of 
oil in the opposite direction, the fol- 
lowing equation was derived.* 


q. (L,t) = — Vko Aof(@) 
aJ(S,,) 
where f(6) is the function of con- 
tact angle, J(S,,) is the Leverett 
dimensionless capillary pressure, L 
is the distance from imbibition face, 
and ¢ is the time from start of im- 
bibition.** 
This equation may be combined 
with the continuity equation, 


=-(E) @ 


to obtain a second-order partial dif- 
ferential equation whose solution 
would give the value of oil saturation 
as a function of time and distance. 


In this equation the group, \5 


- *A more complete discussion of our deriva- 
tion of Eq. 1 has been outlined by Scheideg- 
ger®. 

**For other symbol definitions see AIME 
punk List in Trans. AIME (1956) 207, 
3. 
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o f(9)/u., appears as a parameter 
scaling the time. 

The solution of the differential 
equation would provide values of 
(0S,,/0L),-0. as a function of time 
and permit integration of Eq. 2 to 
give the cumulative volume of oil, 
V.,, produced by linear countercur- 
rent imbibition as a function of time. 


t 


IMPLICATIONS OF THEORY 


Although integration of Eq. 3 has 
not been attempted, several features 
of the imbibition phenomenon are 
brought to light by examination of 
the differential equation implied by 
Eq. 2: (1) the oil production rate, 
q.(0,t), varies directly with the 
square root of k, all other factors 
remaining unaltered; (2) the oil pro- 
duction rate varies directly with the 
oil-water interfacial tension, o; (3) 
the oil production rate is dependent 
upon some function of the contact 
angle, f(@). In general, it is believed 
that the smaller the contact angle, 
the greater is the imbibition rate; 
(4) the rate of imbibition is a func- 
tion of the viscosity of both the oil 
and the water. For a given water-oil 
ratio, the rate of water imbibition is 
inversely proportional to the vis- 
cosity; and (5) the rate of imbibi- 
tion is a complicated function of the 
relative permeability and capillary- 
pressure characteristics of the porous 
medium. 


EXPERIMENTAL 
INVESTIGATIONS OF 
COUNTERCURRENT 

IMBIBITION IN 

SMALL CORES 


While examination of the differen- 
tial equations permitted deductions 
about the influence of permeability, 
interfacial tensions and contact angle 
on the rate of imbibition, the effect 
of the imbibition path length on rate 
and on ultimate recovery was not 
obvious. It was desired to know if 
the results of imbibition tests on 
short core samples could be related 
to the behavior in systems of greater 
length. The influence of another fac- 
tor, the presence of a free gas satu- 
ration, was also not readily apparent. 
This was studied experimentally. 

Using samples of Berea outcrop 
sandstones of various lengths, it was 


found that the initial rate of imbibi- 
tion and the fraction of oil recover- 
able were independent of the sample 
length. In other experiments it was 
found that the presence of a free gas 
saturation decreased the rate of water 
imbibition. 

These experimental studies and 
the cited theoretical studies formed 
a foundation for the subsequent ex- 
periments with fractured-matrix 
models. 


EXPERIMENTAL 
INVESTIGATION OF 
OIL RECOVERY FROM 
A FRACTURED-MATRIX 
RESERVOIR BY WATER 
FLOODING 


A fractured-matrix reservoir con- 
sists of a porous formation which is 
broken or interwoven by a fracture 
system. In a typical fractured-matrix 
formation, over 90 per cent of the 
oil is stored in the matrix blocks and 
the remaining small percentage is 
contained in the fracture system. On 
the other hand, most of the permea- 
bility of such formations results from 
the presence of the fracture system. 
In a typical case the permeability of 
the fractured-matrix formation is 
over 100 times that of the matrix 
rock. In some cases the fractures are 
thought to form a vertical interwoven 
system around matrix blocks a few 
feet wide on each side. 

Early investigations into methods 
of recovering oil from a fractured- 
matrix reservoir excluded the pos- 
sibility of water flooding. It was 
feared that the fracture system 
would form conduits through which 
water would channel directly to the 
production wells. However, further 
consideration of the idea of water 
flooding revealed that there would 
be some pressure drop across each 
matrix block in the reservoir. Instead 
of forming conduits for the water to 
channel to the production well, the 
fracture system forms conduits for 
the water to flood a number of matrix 
blocks simultaneously. In addition, 
capillary forces would tend to cause 
the water to imbibe spontaneously 
into a water-wet matrix block sat- 
urated with oil. 

To answer some of the pertinent 
questions about the recovery process, 
a model study was made. These 
questions are: (1) what is the effect 
of the rate of water injection on the 
recovery? (2) what is the effect of 
the width of the fractures on re- 
covery? and (3) is the imbibition of 
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water an important mechanism in 
the recovery process? 


In the following sections details of 
the experimental studies are pre- 
sented along with pertinent discus- 
sion and interpretation of results. 


CONSTRUCTION OF THE MODEL 


The laboratory investigation was 
performed on a dimensionally scaled 
model of a single element of a frac- 
tured-matrix reservoir. The reservoir 
prototype of the model was a single 
block of sandstone with a square 
base and rectangular sides, the sides 
being surrounded by fractures. The 
laboratory model contained a single 
block of fused quartz as shown in 
Fig. 1. This block was a right isos- 
celes triangle 1-ft long on the sides 
of equal length and 1.5-in. thick. 
Because of symmetry it was possible 
to use this triangular shape to repre- 
sent one-half the square shape when 
the fluid entry and exit ports were 
located at opposite corners. The 
fused quartz had a permeability of 
about 27 darcies and a porosity of 
45 per cent. 

The quartz block was cleaned by 
leaching with hot chromic acid. The 
chromic acid was then leached from 
the block by repeated rinsing with 
distilled water. This procedure re- 
sulted in a strongly water-wet sur- 
face. The block was next dried at 
110° C for one day. 

The quartz block was sealed into 
its stainless steel mounting bracket 
with Phenoline 300 plastic coating. 
The liquid coating was applied with 
a brush to the top, bottom and hypo- 
tenuse face of the block. The block 
was then placed in the mounting 
bracket and held in place while the 
plastic hardened. A rubber strip was 
also sealed to the top edge of the 
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model. The strip fitted over the frac- 
ture during flooding operations. 


The two sides of the porous block 
which were not sealed with plastic 
were carefully machined to be per- 
pendicular to the base of the mount- 
ing and to one another. The faces 
of these sides were also machined to 
he flat. Two stainless steel bars were 
fitted to the two faces. These bars, 
which formed one side of the frac- 
ture, were positioned by four ad- 
justing screws. The bars could be 
positioned flat against the faces of 
the quartz block for zero fracture 
width or they could be set at other 
positions to form anv desired frac- 
ture width up to 0.05 in. The frac- 
ture widths could be measured by 
four micrometer screws which meas- 
ured the travel of the bars. The bars 
were sealed to the mounting bracket 
on the bottom and two ends by a 
hollow rubber tube set in grooves 
in the bar. The bars were sealed on 
top by the rubber strip which was 
glued to the block. The strip was 
held forcibly against the bars by two 
additional bars clamped on top of 
the strip. 


EXPERIMENTAL PROCEDURE 


The first measurements on the 
model were dry gas permeabilities 
with various fracture settings. Then 
the dry weight of the model was ob- 
tained. The model was saturated 
with distilled water and weighed 
again to obtain the pore volume. 
During this operation the fracture 
was closed. Next, the water was dis- 
placed from the model by kerosene 
which had been evacuated to remove 
dissolved gases, passed through silica 
gel to remove surface-active agents, 
and filtered to remove solid particles. 
The volume of water produced was 
recorded and the weight of the model 
was again determined. The terminal 
water saturation of 24 per cent of 
the pore volume was calculated from 
weight measurements and checked 
by volumetric data. 

Before making a water flood the 
fracture width was set at 0.03 in. The 
permeability to oil of the model was 
then measured by flowing kerosene 
through the model, determining both 
the kerosene flow rate and the pres- 
sure drop. A water flood was con- 
ducted by injecting distilled water at 
a constant rate of 3.60 cc/sec into 
the model. The oil and water produc- 
tion and the pressure drop across the 
model were recorded at various 
times. When the oil production al- 
most ceased, the flood was stopped, 
the fracture closed, and the model 


was weighed. 


To prepare for the next water 
flood kerosene was injected to dis- 
place the water to about the same 
low water saturation as before. The 
model was then weighed and a 0.03- 
in. fracture width was again used. 
The second water flood was con- 
ducted at a rate of 1.15 cc/sec. This 
procedure of alternately water flood- 
ing and flooding back to a low water 
saturation with kerosene was re- 
peated for 16 water floods. The 
floods were made at several rates 
with each of two fracture widths 
and at a given rate for several frac- 
ture widths. The fourth and eleventh 
water floods were conducted with 
about the same fracture setting and 
injection rate as the first run to make 
certain that the wettability of the 
model was not changing. 


RESULTS 


One major objective of this study 
was to determine the effect of rate 
on recovery of oil from an element 
of a fractured-matrix reservoir by 
water flooding. Data were obtained 
at various rates for two different 
fracture widths. The results of water 
floods at three different rates with 
a fracture setting of 0.03 in. are 
shown in Fig. 2. As can be seen, the 
water-oil ratio at a given average 
water saturation is increased by in- 
creasing the injection rate; the higher 
the rate, the more water must be 
injected to produce a given amount 
of oil. It was noted that the time 
required to recover the oil did not 
decrease in proportion to the increase 
in rate of water injection. 

Another objective of this study 
was to determine the effect on re- 
covery of changing the fracture- 
matrix permeability ratio. The results 
of three water floods at almost the 
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same rate but with three different 
fracture widths are presented in Fig. 
3. The water-oil ratio at a given 
water saturation is increased about 
threefold over most of the satura- 
tion range for a seventeen-fold in- 
crease in the fracture-matrix per- 
meability ratio. 


INTERPRETATION OF RESULTS 


SCALING 

In order to interpret the test re- 
sults in terms of flooding behavior 
in any particular reservoir, it is 
necessary to scale the model charac- 
teristics to reservoir conditions. The 
scaling procedure which is applicable 
has been amply discussed in the lit- 
erature’””. Essentially, the process 
involves maintaining the ratio of 
capillary to viscous forces in the 
laboratory model equal to that in a 
corresponding segment in the reser- 
voir. Also, the water-oil viscosity 
ratio, the relative permeability-sat- 
uration relation and a dimensionless 
capillary pressure-saturation relation 
must be the same in the laboratory 
as the corresponding values in the 
reservoir. The model characteristics 
and its reservoir prototype are pre- 
sented in Table 1. The reservoir 
prototype of the laboratory model 
was a matrix block 5-ft square and 
7.5-in. thick. The fracture which 
surrounded the four sides of the 
block had 33 times the fluid per- 
meability of the matrix. The simu- 
lated reservoir matrix block had a 
permeability of 0.2 md, a porosity 
of 12 per cent and f(@) = 0.5. The 
value for the contact angle function 
was calculated from initial imbibi- 
tion rates in fresh cores from the 
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field being simulated and from those 
on the fused quartz scaled to the 
permeability and porosity of the 
cores. 


The scaled production characteris- 
tics of the reservoir element are pre- 
sented in Fig. 4. It can be seen that 
at lower flooding rates, corresponding 
to the lower pressure gradients, less 
water is required to displace a given 
amount of oil. 


INTERPRETATION OF BEHAVIOR 
IN A SINGLE ELEMENT 


Two production mechanisms are 
involved in the recovery of oil from 
the matrix block. These are displace- 
ment of oil by water flowing under 
applied pressure gradients and dis- 
placement of oil by water flowing 
under capillary pressure gradients. 
At very high flooding rates the ap- 
plied pressure gradients tend to con- 
trol the displacement process, while 
at very low rates the capillary imbi- 
bition process dominates. If the pro- 
duction of oil were entirely con- 
trolled by the applied pressure, then 
the water-oil ratio would be 66 to 1, 
or greater, after displacement of the 
oil originally filling the fracture. The 
value of 66 for the water-oil ratio 
was computed by multiplying the ra- 
tio of viscosity of the oil to that of 
the water (2) by the ratio of perme- 
ability of the fracture to that of the 
matrix (33). If the capillary imbibi- 
tion were the sole production mech- 
anism, then no water would be pro- 
duced until all the oil was recovered. 

An examination of the data in 
Fig. 5 reveals that the water-oil ratio 
is intermediate and leads to the con- 
clusion that both imbibition and 
flooding are operating to recover 
the oil over the range of pressure 
gradients of interest. Imbibition is 
the dominant mechanism at the lower 
pressure gradients. In most of the 
flooded area of the reservoir proto- 
type the rates would be sufficiently 
low that the dominant producing 
mechanism would be imbibition. 
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TABLE 1—MODEL AND RESERVOIR PROTOTYPE 
CHARACTERISTICS 


Symbol Model Value Reservoir Value 
L — Length Sut 
— Porosity 0.45 
k — Permeability 27,000 md 0.2 md 
33 tol 33 to 1 
k (matrix) 
[tw — Viscosity of 
water 0.9 cp 0.6 ep 
[Lo — Viscosity 
of oil 1.8 cp 1.2 ep 
go — Interfacial 
tension 48 dyne/cm 37 dyne/cm 
#(0) —- Wettability 1 (strongly 0.5 (water- 
water-wet) wet) 
P — Pressure P model 37.5 P model 
t — Time t model 8420 t model 


Note: The effects of gravity are considered negli- 
gible in this study because of small thick- 
ness of the model. 


INTERPRETATION OF BEHAVIOR IN 
FRACTURED-MATRIX FORMATION 


Results of these model tests pro: 
vide a basis for predicting the flood- 
ing performance of a reservoir made 
up of thousands of uniform matrix 
elements separated by fractures of 
uniform width. If as many as 100 
to 200 matrix blocks were in series 
much of the oil would be recovered 
from the reservoir before any water 
appeared at the producing well. This 
is so because only about five block 
pore volumes of watcr flowing to a 
matrix element would be required to 
displace all the recoverable oil from 
the element. Each block, which still 
retains some of its recoverable oil, 
would remove some of the water 
from the fracture system and would 
produce an equivalent amount of 
oil into the fracture system. 

This selective exchange of oil for 
water is quite effective at the low 
rates which would prevail over much 
of a reservoir five-spot flood. On a 
line between an injection well and 
a producing well, the distance over 
which appreciable quantities of both 
water and oil flow simultaneously, 
would probably be only 10 or so 
block widths long. Higher injection 
rates would cause somewhat earlier 
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water breakthrough. At occurrence 
of water breakthrough at the pro- 
ducing well, there would still be re- 
coverable oil in the corners of the 
five-spot and in the region of the 
producing well. Higher injection rates 
in the period after water break- 
through would result in production 
at higher water-oil ratios. 


If the fracture system is not uni- 
formly permeable over the entire 
five-spot area, or if large channels 
exist from injection wells to the pro- 
ducing wells, recovery of oil at water 
breakthrough probably will be less 
than if all the flow were through a 
uniform fracture system in the oil 
sand. 


GON CLUSLON'S 


The following conclusions are 
made as a result of the theoretical 
and experimental investigations of 
the imbibition process. The conclu- 
sions on fractured-matrix formations 
apply to a preferentially water-wet 
system having a fracture-to-matrix 
permeability ratio of 33 to 1 or less. 


1. The equation describing the 
imbibition process shows that rate 
of water imbibition is proportional 
to interfacial tension, the square root 
of permeability, and a function of 
the contact angle and depends on 
the fluid viscosities and characteris- 
tics of the rock. 
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2. Oil production from a labora- 
tory model of an element of a frac- 
tured-matrix reservoir is rate sensi- 
tive. For a given fracture width the 
lower the injection rate, the greater 
is the oil recovery for a given amount 
of water injected. 

3. Increasing the fracture-to-matrix 
permeability ratio does not neces- 
sarily result in a proportional in- 
crease in the amount of water re- 
quired to recover the oil. About three 
times as much water was required 
to produce a given amount of oil 
when the fracture-to-matrix perme- 
ability ratio was increased seventeen- 
fold in a typical case studied in this 
investigation. 


4. At the low rates of water ad- 
vance existing over most of a reser- 
voir five-spot area, water imbibition 
is the dominant oil production mech- 
anism from a matrix block of the 
characteristics of the reservoir proto- 
type studied. 

5. In an ideal, uniformly fractured 
system composed of thousands of 
matrix blocks of the characteristics 
studied, no water will be produced 
from the oil sand until much of the 
recoverable oil has been produced. 
The oil recovery at water break- 
through would be somewhat less at 
higher injection rates. 


6. After water breakthrough in 
the oil sand, the water-oil ratio will 


be quite rate sensitive. Higher in- 
jection rates will result in higher 
water-oil ratios. 
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An Evaluation of Diffusion Effects in Miscible 
Displacement 


L. L. HANDY 
MEMBER AIME 


EN, GR LON 


The development of a theory for miscible liquid dis- 
placement requires evaluation of the variables which 
affect growth of the mixing zone between solvent and 
displaced oil. Factors which appear to be important 
are individual fluid viscosities, viscosity ratios, flood 
rate, fluid densities, flow characteristics of the porous 
medium and molecular diffusion coefficients of the fluid 
components. The primary purpose of this paper is to 
evaluate diffusion effects. 

Theoretical treatments to date have been limited to 
floods for which the viscosity ratio is one. Two prin- 
cipal theories have been proposed. Von Rosenberg 
adapted for porous media a theory derived for capillary 
tubes by G. Taylor.” In this theory molecular diffusion 
perpendicular to the direction of flow is a primary fac- 
tor in sharpening the flood front. Slow floods give 
sharper fronts for a given distance traveled than fast 
floods. 

An alternative theory considers miscible liquid dis- 
placement as a statistical problem.*** Diffusion is not 
an important factor in this theory, but it leads to the 
same general type of equation as von Rosenberg’s. Both 
theories predict S-shaped concentration profiles with the 
same dependence on distance traveled. The statistical 
or “dispersion” theory predicts rate independence, how- 
ever. To supplement rate studies a direct measurement 
of a diffusion effect would be helpful in evaluating 
which of the two proposed mechanisms best describes 
miscible liquid displacement for one-to-one viscosity ra- 
tio systems. 

No quantitative theory has been proposed for floods 
in which a low-viscosity fluid displaces a high-viscosity 
fluid. It might be anticipated, however, that the ex- 
tensive fingering observed in floods with adverse vis- 
cosity ratios would increase opportunities for an ex- 
change of components between displaced and displacing 
liquids by a diffusional process. Even if molecular dif- 
fusion were not an important mixing mechanism for 
one-to-one viscosity ratio systems, it could be significant 
in systems with adverse viscosity ratios. 


METHOD FOR EVALUATING DIFFUSIONAL 
MIXING 


In solvent flooding the displacing liquid can become 
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mixed with the displaced liquid by a number of pro- 
cesses; in general, either mechanical or diffusional in 
character. To evaluate the contribution of diffusion, a 
method was sought that would distinguish diffusional 
mixing from mechanical mixing. 

Suppose two soluble tracers are added to the dis- 
placing liquid and that one tracer has a diffusion co- 
efficient much greater than the other. Then, if diffusion 
is important during miscible liquid displacement and if 
diffusional transport is primarily transverse to the di- 
rection of flow, substances with high diffusion co- 
efficients will have sharper concentration profiles than 
those with comparatively low molecular diffusion co- 
efficients. In order to have material balance the profiles 
for the two tracers must intersect. For one-to-one vis- 
cosity ratios the intersection would occur at the 50 per 
cent concentration point. 

It is generally assumed that diffusion in the direction 
of flow is negligible. This assumption appears reason- 
able because flow velocities are ordinarily orders of 
magnitude greater than diffusional velocities. If this is 
not a valid assumption, however, the shapes of the 
fronts will be further degraded by longitudinal diffusion. 
The effects of rate and molecular diffusion coefficients 
are the opposite for longitudinal diffusion to those for 
lateral diffusion. Higher rates or lower diffusion co- 
efficients would tend to give sharper fronts. 

The double tracer method offers several unique ad- 
vantages in evaluating effect of molecular diffusion. 
First, the method gives a direct measure of the effect 
of diffusion on mixing zone size. Second, the effect of 
a difference in diffusion coefficients is determined from 
a single experiment. Comparison of several experiments 
at different rates is not required. Third, the method is 
applicable for any viscosity ratio. Fourth, the method 
is unaffected by density differences between the two 
fluids which might result in rate dependent gravity ef- 
fects. 


EXPERIMENTAL PROCEDURE 


Suitable tracers are substances whose diffusion co- 
efficients differ as widely as possible, but whose adsorp- 
tions on rock surfaces is negligible. The two tracers se- 
lected were methanol and sucrose in water solutions. 
The approximate diffusion coefficients for methanol and 
sucrose, as given in the International Critical Tables, 
are 1.3 X 10° and 0.3 X 10° cm/sec, respectively. 
Concentrations in the water solutions were 200 gm/liter 
of solution for both methanol and sucrose. These high 
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concentrations were used to minimize adsorption ef- 
fects. The viscosity of the methanol-sucrose solution 
was 2.55 cp. 

The core material for the displacement studies was a 
consolidated sandstone from an outcrop near Boise, 
Idaho. The porosity was about 25 per cent and the per- 
meability about 700 md. The core was 35-in. long with 
a 1.5-in. square cross section. The pore volume was 
310. ec: 

Most runs were at one of two rates, either 1.2 or 
0.036 cc/min. These rates are equivalent to 16.5 and 
0.5 ft/day. In two floods, one at each rate, the more 
viscous sucrose-methanol solution displaced water. In 
two other runs, again one at each rate, water displaced 
the solution. For the latter type of displacement a third 
flood was made at 0.012 cc/min or about 0.16 ft/day. 

Samples of the effluent were collected and the density 
and refractive index measured. From calibration curves 
two equations were derived which could be solved 
simultaneously, substituting the density and refractive 
index values, to obtain the concentrations of sucrose 
and methanol in the produced fluid. The collection of 
samples was made under oil for the slow rate runs to 
minimize evaporation of the methanol. It had previously 
been determined that the solubility of methanol in oil 
was negligible. Densities and refractive indices were 
measured on samples thermostated at 25°C. Individual 
concentrations may be in error by five percentage units, 
but a large number of concentrations were measured 
for each concentration profile. 


EXPERIMENTAL RESULTS 


For the more viscous sugar-methanol solution dis- 
placing the less viscous water, an S-shaped concentra- 
tion profile was obtained when the concentrations in the 
effluent were plotted vs pore volumes of produced fluid, 
Fig. 1. Such profiles are characteristic of floods for 
which the viscosity ratio of displacing to displaced 
liquid is one or greater. The 50 per cent concentration 
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point in the effluent corresponded very well with one 
pore volume of produced liquid. This result is pre- 
dicted by both theories of miscible liquid displacement 
for viscosity ratios of one. 

At neither rate, 16.5 or 0.5 ft/day, was there signifi- 
cant evidence of diffusional separation of the sucrose and 
methanol. The effect of rate on the concentration pro- 
files was also small, the largest difference being for the 
two sucrose curves. Although the rate effect was in the 
direction of that predicted from the molecular diffusion 
theory, it was of much smaller magnitude. 

The effect of diffusion was expected to be more ap- 
parent in those runs with adverse viscosity ratios, that 
is, for water displacing the more viscous sucrose-meth- 
anol solution. The results of those runs are shown in 
Fig. 2. The concentrations plotted in this figure are 
the differences between unity and the observed sucrose 
or methanol concentrations. Such plots can be compared 
more readily with those for sucrose-methanol displacing 
water. In effect they show the concentrations of injected 
water as indicated by the dilution of the sucrose or 
methanol in the displaced solution. 

The most conspicuous aspect of the concentration 
profiles for water displacing sucrose-methanol is the 
contrast in the shape when compared with the profiles 
for sucrose-methanol displacing water. They are no 
longer S-shaped, but more nearly resemble water pro- 
duction curves for an immiscible liquid displacement. 
The adverse viscosity ratio results in early breakthrough 
of the displacing liquid and a general decrease in the 
efficiency of the displacement process. The decrease in 
efficiency is a result of fingering of the water through 
the more viscous sugar-methanol solution. 

Even with viscous fingering little evidence was ob- 
tained of molecular diffusion affecting mixing zone size. 
The concentration profiles of sugar and methanol agree 
within experimental error at rates of 16.5 and 0.5 
ft/day. For the lowest rate, 0.16 ft/day, some evidence 
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of diffusional separation was observed. The separation 
is supported by the crossing of the concentration pro- 
files at about 1.2 pore volumes of produced fluid. Such 
a crossing is required if material balance is to be ob- 
tained. But even at the lowest rate, diffusional mixing 
does not appear to be an appreciable factor. 


The effect of rate for the slowest floods may have 
been influenced to some extent by gravitational forces, 
inasmuch as a density difference of 0.07 gm/cc existed 
between the sugar-methanol solution and water. How- 
ever, any separation of sucrose and methanol during 
displacement would result only from diffusional effects. 


DISCUSS 


It was the intent of these experiments to study the 
effect of molecular diffusion on a microscopic scale, 
that is, within pores or from one pore channel to an- 
other. Consequently, no effort was made to scale the ex- 
periments by factors such as those proposed by Offer- 
inga and van der Poel.’ On the other hand, it was in- 
tended that the results would be useful in determining 
the importance of diffusion under field flooding condi- 
tions. For that reason flood rates were selected which 
spanned normal field rates. Also, one of the tracers was 
chosen with a diffusion coefficient approximately equal 
to that for propane in crude oil at reasonable reservoir 
temperatures. The diffusion coefficient for methanol in 
water is about 1.3 X 10° cm’/sec. The diffusion co- 
efficient for methane in 30° API gravity white oil is 
1.07 < 10° cm’/sec at 100°F.’ The two coefficients are 
approximately equal. The diffusion coefficient for pro- 
pane would be somewhat less than that for methane but 
the difference would be compensated for by the nor- 
mally higher than 100°F temperatures in reservoirs. 


The conclusion from the experimental results is that 
the diffusional processes are either too rapid or too slow 
for their effect to be noted in an experiment with tracers 
whose diffusion coefficients differ by no more than those 
for sucrose and methanol. Within a given pore one 
would expect that diffusion transverse to the direction 
of flow would quickly establish equilibrium and that 
the mixing zones in a given pore channel would be very 
short indeed. Such a prediction is consistent with the 
Taylor theory for capillaries at flow rates and for pore 
diameters usual in porous media. Thus, intrapore diffu- 
sion is probably too rapid to be detected by the experi- 
mental method. 

On the other hand, interpore diffusion is apparently 
too slow a process to cause any significant separation 
of the sucrose and methanol. The distances between 
fingers of injected fluid must be large compared to the 
distance over which diffusional forces are operative, at 
least in the aforementioned experiments. A similar ex- 
planation of the role of diffusion in the growth of 
mixing zones was proposed by Hall and Geffen.* Also 
Koch and Slobod concluded from their experiments that 
diffusional mixing was less important than mechanical 
mixing.” 

If diffusion in itself is a minor factor in determining 
frontal shape, other factors must account for the ob- 
served concentration profiles for one-to-one viscosity 
ratio systems. Similar S-shaped profiles are predicted 
from statistical considerations in the dispersion theory 
discussed by Beran, Scheidegger, Day and others.*** In 
the dispersion theory diffusion effects add another nor- 
mally distributed factor to the normal distribution from 
dispersion. However, at the flood rates and for the dif- 
fusion coefficients in the sucrose-methanol experiments, 
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the diffusional contribution is negligible. Without diffu- 
sion the dispersion theory predicts that the concentra- 
tion profile shape is not rate dependent. This prediction 
is in agreement with the experimental observations re- 
ported here. 

The experimental results show also that the dispersion 
theory applies more generally than just to one-to-one 
viscosity ratio floods. Whenever the viscosity of the dis- 
placing fluid is equal to or greater than that of the dis- 
placed fluid, S-shaped concentration profiles are ob- 
served and the growth of the mixing zones can be de- 
scribed satisfactorily by the dispersion theory. 

For adverse viscosity ratios the growth of the front 
appears to be governed by viscous fingering. Intermix- 
ing along the boundaries of the fingers, however, may 
occur by a dispersion process similar to that for one-to- 
one viscosity ratio floods. The sugar-methanol floods in- 
dicate that, even for adverse viscosity ratios with ap- 
preciable viscous fingering, diffusion is not an important 
mixing mechanism. 


CONCLUSIONS 


Within the range of rates and diffusion coefficients 
studied in the experiments discussed in this paper, 
molecular diffusion is not an important factor in the 
mixing of displacing and displaced fluids in the frontal 
region. The rates and diffusion coefficients were similar 
to those expected in field solvent floods. 

Although adverse viscosity ratio floods showed con- 
siderable fingering of the low-viscosity displacing liquid 
into the high-viscosity displaced fluid, molecular diffu- 
sion still was not an important factor. Apparently the 
distance between fingers was large compared to diffu- 
sional distances. 

The absence of any appreciable rate effect supports 
the conclusion that diffusion is not important in deter- 
mining mixing zone size. The lack of a rate effect and 
of diffusional separation of the tracers is more consis- 
tent with the dispersion theory of miscible liquid dis- 
placement than with molecular diffusion theories. 

Although the dispersion theory was derived for one- 
to-one viscosity ratio floods, it applies more generally 
to all floods for which the viscosity of the displacing 
fluid is equal to or greater than that of the displaced 
fluid. 
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The Alteration of Rock Properties by Percussion 


G. E. DAWSONGROVE 


INPRO DUCTION 


The use of percussion-type side- 
wall cores as an aid in detection and 
evaluation of hydrocarbon shows and 
in eXamination of rock properties 
has become increasingly popular in 
recent years. Sidewall coring has an 
advantage over normal bottom-hole 
coring methods in that the zones may 
be surveyed with the electric log 
prior to selection of sample depths. 
This allows an efficient sampling of 
all zones of interest, a procedure not 
possible with bottom-hole coring 
techniques unless the costly proce- 
dure of continuous coring is utilized. 
Percussion sidewall coring presently 
provides the most rapid and lowest 
cost method of obiaining sidewall 
cores. 

It has been recognized for some 
time that certain discrepancies exist 
between core analysis data obtained 
from percussion cores and data ob- 
tained from other types of core sam- 
ples. This paper presents existing field 
and laboratory data that were avail- 
able to the authors. Several exam- 
ples of comparative core analysis 
data obtained from various fields are 
presented along with photomicro- 
graphs of thin sections of conven- 
tional and percussion cores. The re- 
sults of this investigation are pre- 
sented to throw more light on the 
possible disturbed condition of per- 
cussion sidewall cores. 


SAMPLE DISTURBANCE 
AND FRACTURING 


The principal cause of discrepancy 
between conventional core analysis 


Original manuscript received in Society of 
Petroleum Engineers office Sept. 12, 1958. Re- 
vised manuscript received Feb, 24, 1959. Paper 
presented at Fall Meeting of Los Angeles 
Basin Section in Los Angeles, Calif., Oct. 
16-17, 1958. 
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data and percussion sidewall core 
analysis data is believed to be the 
shattering and re-adjustment of the 
grains due to the large impact shear- 
ing forces produced by mechanics of 
percussion coring. 


Fic. 1—ConventTIoNAL D1AMOND Core, 
Asu Creek SANDSTONE, ASH CREEK 
SoutH Crossep Nicoxs, X50. 


Fic. 2—Percussion Core, 
CREEK SANpsTone, ASH CREEK SOUTH 
Fre.p; Crossep Nicous, X50. Note 
SEVERE SHATTERING OF QUARTZ GRAINS. 


FARMINGTON, N. M. 


Figs. 1 through 5 are photomicro- 
graphs of thin section slides of for- 
mation samples obtained by means 
of diamond cores, conventional 
cores, and percussion sidewall cores. 
Figs. 1 and 2 show samples of the 


Fic. 3—ConveENTIONAL Core, YOKUT 
Sanp, VALLECITOS FieLD; Crossep NiIcoLs, 
X10. Nore IRREGULAR FRACTURING. 


Fic. SIDEWALL Core, 

YoxurT Sanp, VALLECITOS Firip; CROSSED 

Nicots, X10. Note Fractures 1n Most 
OF THE GRAINS. 
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Ash Creek sandstone (Cretaceous), 
Ash Creek South. field, Sheridan 
County, Wyo. The Ash Creek for- 
mation is a well consolidated to 
friable, very fine to medium grained 
quartz sandstone with varying 
amounts of secondary quartz, chert, 
clay and secondary carbonate cement. 
The sand is encountered at + 4,800 
ft and has an average porosity of 
Cent: 

Fig. 1 shows a sample obtained 
from a diamond core; note that there 
is no evidence of shattering or dis- 
turbance of the grains. Fig. 2 shows 
a sample obtained from a percussion- 
type core; in this section intense 
shattering and re-adjustment of the 
grains is readily apparent. Figs. 3 
and 4 show samples of the Yokut 
sand (Eocene) Vallecitos field, San 
Benito County, Calif. The Yokut 
sand is firm to hard, medium 
grained, well sorted and fairly clean. 
This sand was encountered at 
+ 3,500 ft and has an average 
porosity of 21 per cent. 

Fig. 3 shows a sample obtained 
from a conventional core; note that 
there is only slight irregular frac- 
turing. Fig. 4 shows a sample ob- 
tained from a percussion-type core; 
note the considerable fracturing vis- 
ible in almost every grain. Fig. 5 
is a percussion sidewall core sample 
in the Pico formation (Upper Plio- 
cene) Saticoy field, Ventura County, 
Calif. This sand is firm to friable, 
very fine to coarse grained, poorly 
sorted and somewhat silty. This sand 
was encountered at + 8,600 ft and 
has a porosity of + 20 per cent. 
Note the shattering and re-adjust- 
ment of the grains with some rather 
widespread fractures running through 
even the coarse grains. 

Additional thin sections studied 
but not presented here also indicate 
the disturbed condition of percussion 
sidewall cores. In some cases, how- 
ever, the fracturing is only very 
slight and the disturbance in the 
sample does not appear to be too 
great. Generally speaking, it appears 
the maximum fracturing takes place 
in the harder, more cemented for- 
mations and becomes less pronounced 
in the softer, less consolidated sands. 
It is of interest that in several in- 
stances, percussion samples were 
described in the field as finer grained 
and more loosely consolidated than 
the conventional cores, presumably 
because of the shattered grains and 
destroyed cement bond. 


In nearly all cases the porosities 
determined from percussion core 
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samples were higher than those de- 
termined from other types of core 
samples. In the case of the harder 
sandstones this discrepancy is most 
pronounced, with the porosity of the 
percussion samples, in extreme Cases, 
being nearly twice as high as that 
determined from conventional cores. 
In the softer, looser sands, percussion 
sample porosities are only slightly 


Frc. 5—Prrcussion SIDEWALL Core, Pico 
Sano, Saticoy Fietp; Crossep NICOLs, 
X10. Nore Fracrurep GRAINS. 


4 
45} DIAMOND CORES 1 
(125 SAMPLES) 
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Fic. 6—AsH CREEK SANDSTONE (CRETA- 


ceous), AsH Creek SoutH Freip, SHERI- 

DAN County, Wyo. Very FINE TO 

Mepium Grainep, WELL CONSOLIDATED 
TO FRIABLE SANDSTONE. 


= 
CONVENTIONAL CORES 
(267 SAMPLES) 
= (203 SAMPLES) 
——| AVE 6 +19.2 
z 
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TOTAL POROSITY % 


Fic. 7—Eocene SANDSTONE, LAKE Con- 
CESSIONS FIELD, WESTERN VENEZUELA. 
Fine to Meprum Grainep, Writ Con- 
SOLIDATED TO SLIGHTLY FRIABLE 
SANDSTONE. 


higher than those of conventional 
cores. Several frequency distribu- 
tions of total porosity determina- 
tions from both percussion and 
other types of cores are shown to 
illustrate variations that were found. 

Fig. 6 shows such a plot of poro- 
sities obtained from five wells for 
the Ash Creek sandstone. It will be 
noted that data obtained from 58 
percussion samples yielded an average 
porosity of about +25 per cent 
while the data obtained from 125 
diamond samples indicated the aver- 
age porosity to be + 19 per cent. 
This tendency for percussion samples 
porosities to be higher may be due 
partly to the sampling procedure 
used to obtain sidewall samples; how- 
ever, comparisons in other fields be- 
tween A-1 (rotary diamond sidewall 
core) and percussion sidewall sam- 
ples, both obtained in a selective 
manner, always indicated a higher 
porosity for the percussion cores. 

Fig. 7 shows such a plot tor the 
Eocene sands of the Lake Conces- 
sions field in Western Venezuela. 
This formation is generally described 
as a fine to medium grained, slightly 
friable to well consolidated, mod- 
erately cemented sandstone. As may 
be seen, the conventional cores have 
an average porosity of 19.2 per cent 
(267 determinations) as compared to 
the porosity of 24.5 per cent yielded 
by the percussion sidewall samples 
(203 determinations). 

Fig. 8 shows a porosity distribu- 
tion curve for the Upper Wilcox sand 
(Eocene), Gohlke field, Dewitt 
County, Tex. This sand, encountered 
at about 8,100 ft in the Gohlke field, 
is a fine grained, well consolidated, 
moderately cemented sandstone. The 
porosity distribution plot for the per- 
cussion and conventional core sample 
data indicates good porosity agree- 
ment. 

The average porosity of the wire 
line and conventional cores (1,053 
determinations) is 18.7 per cent as 
compared with 19.1 per cent for the 
percussion-type samples (38 determi- 
nations). In view of other examples, 
it is somewhat surprising to find 
such good agreement between per- 
cussion and conventional core poro- 
sities in this fairly well consolidated 
sandstone. The reason for this be- 
havior as compared with observations 
in other fields is not clearly under- 
stood; however, it may be due to 
differences in amount of cement and 
possibly type of cementing materials. 

Fig. 9 shows the porosity distribu- 
tion plot for the Yegua sand (Eocene), 
Gohlke field, Dewitt County, Tex. 
The Yegua sand at Gohlke is a fine 
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to medium grained, loosely consoli- 
dated, friable sand encountered at 
+ 5,300 ft. The average porosity for 
the conventional cores (136 determi- 
nations) is 30.2 per cent while that 
for the percussion cores (58 deter- 
minations) is 32.3 per cent. This is 
fair porosity agreement between 
cores and sidewall samples, and the 
small difference observed may result 
from the selective sampling pro- 
cedure used in obtaining percussion 
samples. Because the Yegua forma- 
tion is a loosely consolidated sand, 
tendency ot the core to shatter due 
to shearing force of the percussion 
sampling is probably not as great as 
in the case of the harder formations. 

Table 1 summarizes the compara- 
tive porosity data collected. As may 
be seen the porosities determined 
from the percussion samples are in 
all cases higher than those obtained 
from other types of core samples. 
Fig. 10 shows the ratio between po- 
rosities obtained from percussion 
cores and those from the more con- 
ventional types of core samples, 
plotted against the conventional por- 
osities. The data presented show the 
field average for each of the fields 
studied (see Table 1). This plot 
is not intended as a means of cor- 
recting percussion core porosities but 
rather as an illustration of the gen- 
eral trend of the porosity behavior. 
The trend obtained, with the excep- 
tion of one field (Upper Wilcox, 
Gohlke field), indicates that the 
porosity disagreement between per- 
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cussion and conventional core data 
is generally most pronounced in the 
lower porosity formations and less 
pronounced in the softer, higher 
porosity formations. 


OTHER ROCK PROPERTIES 


Oniy a limited amount of data 
were readily available to the authors 
regarding effects of percussion side- 
wall coring on sample measurements 
such as permeability, pore size and 
oil and water saturations. However, 
some general conclusions may be in- 
ferred from data examined. 


Indications are that the permeabil- 
ities determined from the percussion 
cores are in general lower than those 
determined from conventional cores 
except in the lower permeability 
range. This effect is most pronounced 
in the case of high permeability 


TABLE 1—COMPARISON OF CONVENTIONAL AND PERCUSSION CORE POROSITIES 


Field Zone 


Ash Creek South, Wyoming Ash Creek 
Sheridan & Seely, Texas Lower Wilcox 
Wisner, Louisiana Basal Tuscaloosa 
Lake Concessions, Venezuela Eocene 

North Chesterville, Texas Upper Wilcox 
Gohlke, Texas Upper Wilcox 
Gohlke, Texas Yegua 

Ora, Louisiana Nacatoch 
Vallecitos, California Yokut 
1Conventional core 

“Diamond core 

3A-1 sidewall! (rotary diamond core) 

4Wireline core 
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Conventional Cores 


Percussion Cores 


No. Porosity No. Porosity 
Samples (per cent) Samples (per cent) 
125? +19 58 
203.4 14.3 11 24.1 

7 17.6 9 32.4 
2671 19.2 203 24.5 
43 29.5 
10531;4 18.7 38 19.1 
136} 30.2 58 
3944 77 
154 20.7 6 26.5 


: 


— DIAMOND CORES 
125 SAMPLE 

= PERCUSSION SIDEWALLS 
2 (58 SAMPLES) 2 

32 


FREQUENCY, 


PERMEABILITY (MD) 


Fic. Creek Sanpstone, ASH 
Creek SoutH Fierp, SHeripAN County, 
Wyo. 


samples while for samples with per- 
meabilities lower than 10 to 20 md 
the percussion cores may give per- 
meabilities comparable to or some- 
what higher than those determined 
from conventional cores. 

Fig. 11 shows a permeability dis- 
tribution curve for Ash Creek sand- 
stone, Ash Creek South field, Sher- 
idan County, Wyo. The illustration 
incorporates permeability data from 
125 diamond core samples and 58 
percussion sidewall samples obtained 
from five wells. It can be seen 
that the percussion and diamond 
samples yield two different types of 
distribution curves. The diamond 
core samples seem to fall largely in 
two groups—those with permeabili- 
ties less than 5 md and those with 
permeabilities greater than 100 md. 

The percussion samples, on the 
other hand, indicate fewer of the ex- 
treme permeabilities and seem to be 
grouped in the central range within 
excess of 50 per cent of the samples 
yielding permeabilities of 10 to 40 
md. These data tend to confirm the 
hypothesis that high permeability 
samples are reduced and low-per- 
meability samples are increased by 
the mechanics of percussion coring. 

The very limited data available 
to the authors regarding oil and 
water saturations indicate that an 
analysis from percussion cores may 
yield slightly lower oil saturations 
and higher water saturations than 
would be obtained from conventional 
cores. The lower oil saturation may 
result from a greater flushing by the 
mud filtrate and also in part be due 
to the greater measured porosity of 
the percussion core. The higher water 
saturations probably result from in- 
creased invasion of mud filtrate in 
the sidewall core. These indications 
regarding permeability and saturation 
changes in percussion sidewall cores 
generally confirm findings of Reudel- 
huber and Furen.’ 

Fig. 12 shows the difference be- 
tween mercury capillary-pressure 


IReference given at end of paper. 
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curves obtained from a percussion 
sample and an A-1 sample from the 
same sand. The curve obtained from 
the A-1 sample is typical of the rock 
and illustrates an excellent sorting 
of pore sizes. However, the curve 
obtained from the percussion sample 
indicates much poorer sorting of pore 
size, smaller average effective pore 
size and a much higher porosity, It 
is believed that the shattered and 
re-adjusted grains result in a poorer 
sorting and smaller pore size. The 
increase in porosity may be the re- 
sult of an increased bulk volume of 
the percussion core. 


SUMMARY AND CONCLUSIONS 


Photomicrographs of thin section 
slides cut from sands recovered by 
percussion sidewall cores indicate 
considerable shattering and ze-adjust- 
ment of the grains. Disturbance of 
the samples is generally more pro- 
nounced in the lower porosity, harder 
formations and less pronounced in 
the higher porosity, softer forma- 
tions. The principal cause of the 
shattering and re-adjustment of the 
grains is believed to be the large 
shearing force induced by the me- 
chanics of percussion sampling. 

Data indicate that porosities de- 
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Fic. 12—Basat TuscaLoosa SAND (CRE- 

TACEOUS), WISNER FIELD, FRANKLIN 

Parisu, La. Fine To Coarse GRAINED, 
WeLL CONSOLIDATED SANDSTONE. 


termined from percussion sidewall 
cores may be considerably higher 
than those determined from conven- 
tional cores, particularly in the case 
of harder, lower porosity sandstones. 
Limited data indicate that permeabil- 
ities determined from percussion core 
samples may be lower than those 
determined from conventional cores 
except in the lower permeability 
ranges in which case they may be 
comparable or slightly higher. 


Oil saturations determined from 
percussion samples may be slightly 
lower than those determined from 
conventional cores while the water 
saturations appear to be somewhat 
higher in the case of percussion 
samples. Mercury capillary-pressure 
determinations indicate that the ef- 
fective pore size and pore size dis- 
tribution have been appreciably al- 
tered in the percussion samples. 

The measured rock properties of 
percussion core samples are found 
to be considerably different from 
those obtained from conventional 
cores in many instances. In cases 
where accurate quantitative data are 
required, caution should be exercised 
in utilizing core analysis data ob- 
tained from percussion sidewall cores. 
In view of the speed, economy and 
versatility of wireline sidewall coring 
methods, it is hoped that improved 
or new methods will be developed 
which will provide relatively undis- 
turbed samples. 
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Laboratory Investigation of the Water-Driven 
Carbon Dioxide Process for Oil Recovery 
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Water-propelled banks of carbon 
dioxide recovered both high- and 
low-viscosity crude oil substantially 
in excess of that recovered by water 
flood in linear flow model experi- 
ments. The increase in oil recovery 
is explained by oil swelling and vis- 
cosity reduction. Additional oil was 
recovered by solution gas drive at 
the end of the carbon dioxide floods 
when the model systems were depres- 
sured. 
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INTRODACEIGN 


This study was an investigation 
of the use of a water-driven carbon 
dioxide bank to recover crude oil. 
Techniques involving the injection 
of carbon dioxide have aroused con- 
siderable interest in recent years 
among methods considered for in- 
creasing oil recoveries. 

A number of investigators have 
studied the process in the labora- 
tory’*® and in the field.** Laboratory 
studies referenced indicate that car- 
bon dioxide in conjunction with 
water flooding recovers more oil than 
does water flooding alone. These re- 


References given at end of paper. 


ports diverge widely, however, in 
stating magnitude of improvement. 

We believed that a water-driven 
carbon dioxide bank would increase 
recovery of crude oils by two mech- 
anisms: viscosity reduction and oil 
swelling. Due to reduction in the 
oil viscosity caused by solution of 
carbon dioxide, displacement effi- 
ciency should be improved. In addi- 
tion, the residual oil should be highly 
swollen by the carbon dioxide held 
in solution. Thus, the final residual 
oil saturation, in terms of stock-tank 
oil, would be lower than in the ab- 
sence of carbon dioxide. 


To test this hypothesis, experi- 
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ments were carried out to recover 
both high- and low-viscosity crude 
oils from linear laboratory models. 


Tests reported here were carried 
Out in small-diameter models at low 
rates of fluid advance, where diffu- 
sion is a powerful factor in prevent- 
ing fingering or channeling. The 
volumetric sweep efficiency of the in- 
jected fluids should, under these con- 
ditions, be close to 100 per cent. In 
a field operation it would be neces- 
sary to evaluate stratification effects 
and to consider areal sweep effi- 
ciency. 


DESCRIPTION OF 
EXPERIMENTAL STUDIES 


The experimental studies dealt 
with recovery of both high-viscosity 
and low-viscosity crude oils. In the 
heavy oil tests, Ada crude was dis- 
placed from linear Torpedo sand- 
stone models. Torpedo sandstone is a 
mildly water-wet material having por- 
osity in the range of 20 to 28 per 
cent and permeability in the range of 
500 to 1,500 md. Ada crude is an 
aromatic-base crude, rather low in 
gasoline content and high in asphal- 
tenes. Its viscosity at 70°F is approx- 
imately 400 cp. 

In the light oil tests Loudon crude 
oil was displaced from linear models 
of Weiler sandstone. Loudon crude 
oil has a viscosity of approximately 
6 cp at 70°F and an API gravity of 
38°. The Weiler sandstone possessed 
porosity of approximately 20 per cent 


and permeability in the range of 50 
to 150 md. 


In all tests the models were cylin- 
ders 2 in. in diameter with lengths 
varying from 1 to 18 ft. 


The flooding experiments were 
conducted at a pressure level of ap- 
proximately 1,000 psi. With two ex- 
ceptions the tests were carried out at 
room temperature and with the car- 
bon dioxide in the liquid state. Model 
pressures were maintained at approx- 
imately 1,000 psi by the use of pres- 
sure regulators on the producing out- 
lets. Prior to displacement tests, the 
models were saturated with the crude 
oil and connate water. 


The water-driven bank tests were 
conducted at linear rates of fluid ad- 
vance (in the model) of about 6 in. 
per day until the producing water- 
oil ratio reached a value of 20; at 
that point water injection was dis- 
continued and the back-pressure on 
the model outlets was released. The 
oil, water and gas produced during 
this blowdown process was collected 
and measured. Over-all material bal- 
ance checks were made on the oil 
production data by extracting resid- 
ual oil from the models and deter- 
mining the amount by distillation or 
by infra red analysis. 


EXPERIMENTAL RESULTS AND 
DISCUSSION 


Viscous CRUDE OIL RECOVERY 


A summary of the experimental 
results obtained on Ada crude oil- 


Torpedo sandstone systems is shown 
in Table 1. Since the models with 
500-md permeability behaved differ- 
ently from those with 1,500 md, ref- 
erence water floods are included for 
both 500- and 1,500-md models. 


In Experiments 2 and 3, liquid car- 
bon dioxide was injected throughout 
the floods. In Experiment 2, 1.48 PV 
of carbon dioxide was injected, and 
in Experiment 3, 0.72 PV of carbon 
dioxide was used. It should be noted 
that the oil recoveries in these tests 
were no higher than the recovery in 
Test 5 in which a bank of carbon 
dioxide was followed by a water 
drive in the same type of Torpedo 
model. 


The blowdown or depressuring re- 
covery was not recorded during 
Tests 2 and 3. However, in the fol- 
lowing tests, the blowdown recovery 
amounted to a substantial quantity 
of oil. 


In Experiment 4, Ada crude oil 
was gas driven to simulate primary 
depletion. The model was allowed to 
equilibrate at atmospheric pressure 
and then was repressured to 800 psig 
with gaseous carbon dioxide. The 
system was then water flooded. The 
quantity of carbon dioxide required 
for repressuring was equivalent to 
0.13 PV, measured as a liquid at 
70°F and 1,050 psia. The behavior 
of this flood was very similar to that 
of the water-driven carbon dioxide 
bank floods in that no water or car- 
bon dioxide broke through until an 
oil saturation equivalent to approxi- 


TABLE 1 — LINEAR MODEL EXPERIMENTS 


4 Per cent 
Model Description Oil Recovery — Fraction of increase 
Init Connate Oil Initially in Place even 
Approx. oil water By By By By reference 
Exp. Length kair a) satn. satn. gas water CO2 blow- waterflood 
No. (ft) (md) (%) (% PV) (% PY) Experiment Description drive flood bank down Total recovery 
(Ada Crude Oil-Torpedo Sandstone) 
1 15 500 20.1 75.0 25.0 Waterflood — 0.29 — — 0.29 — 
2 10 500 20.3 73.4 26.6 Liquid COz flood — — 0.52 Not re- —_ 80* 
corded 
3 15 500 20.1 75.0 25.0 Liquid COz flood — — 0.50 Not re- — Tees 
corded 
4 15 500 20.0 73.8 26.2 Preliminary gas drive; re- 0.27 — 0.31 0.04 0.62 113 
pressured to 800 psig with 
gaseous COz, water flood 
5 18 500 20.4 72.8 27.2 Water-driven 0.17 PV — 0.52 0.13 0.65 125 
liquid COz2 bank 
6 1 1,500 27.6 82.4 17.6 Water flood — 0.39 — — 0.39 _ 
7 17 1,500 26.8 80.3 19s7, Water-driven 0.09 PV — —_— 0.59 0.14 0.73 87 
liquid COz bank 
8 1 1,500 27.6 fips) 24.5 Water flood of 180-cp oil — 0.42 — = 0.42 _ 
to simulate water flood of 
Ada crude-at 100°F 
9 17 1,500 26.8 79.2 20.8 Water-driven 0.08 PV — — 0.50 0.11 0.61 45 
gaseous CO bank at 100°F 
Loudon Crude Oil — Weiler Sandstone) 
10 16 75 20.0 74.0 26.0 Water flood — 0.42 —_ _ 0.42 = 
— —_— 0.60 0.14 0.74 76 
11 16 100 20.2 74.7 2508 Water-propelled 
0.20 PV COz2 bank 
12 16 Te} 20.0 74.0 26.0 Water flood followed by — 0.42 0.15 0.14 0.71 
water-propelled 0.20 PV 
COz bank 
3 16 70 20.5 73.4 26.6 Gas drive, water flood, 0.41 0.08 0.07 0.13 0.6 
followed by 0.20 PV water- 
propelled CC2 bank 
*By flood only, since blowdown recovery was not recorded 
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TABLE 2 — CALCULATION OF OIL RECOVERY FROM CO2 BANK FLOODS 


100°F 
0.09 PV bank 0.08 PV bank 0.17 PY bank 
A. Viscosity of Ada crude 400 cp 180 cp 400 cp 
B. Reduced viscosity# 22 cp 12 cp 22 cp 
C. Waterflood recovery of Ada crude, fraction of initial oil 0.39 0.42 0.29 
D. Waterflood recovery of reduced viscosity oil, fraction 0.53 0.60 0.40 
of initial oil* 
E. Calculated fraction of model traversed by ‘‘light oil bank’' 0.89 0.48 J.00 
before it dissipates” 
F. Calculated recovery due to viscosity reduction, fraction 0.52 0.51 0.40 
of initial oil—(E) (D) + [1.0 — (E)] (C) 
G. Volume factor (calculated from PYT data for amount of 1.09 1.03 1:20 
volume initial oil 
H. Final residual oil saturation, fraction of initial oil 0.44 0.48 0.50 
(G) 
J. Calculated COs bank flood recovery, fraction of initial oil 0.56 0.52 0.50 
1.0 — (H) 
K. Experimental CQ2 bank flood recovery, fraction of initial oil 0.59 0.50 0.52 


1 1,500-md Torpedo sandstone linear model 
500-md Torpedo sandstone linear mode! 


2 
3 
4 
5 
6 


Viscosity of crude oil when saturated with COs under test conditions (see Fig. 3) 
From flood test using refined oil with viscosity equal to ‘reduced viscosity’’ 
Assuming that the residual oil behind the ‘‘light oil bank'' is saturated with CO2 
From Figs. 1 and 2. Using quantity of COs in system, on 


“equivalent saturation pressure’’ was 


determined from Fig. 1. Volume factor at this saturation pressure was read from Fig. 2 


mately 50 per cent of the initial oil 
in place was reached. 

Experiment 9 differs from the 
other bank floods in that it was con- 
ducted with the model in an air bath 
maintained at 100°F. At this tem- 
perature carbon dioxide is normally 
gaseous. The behavior of this flood 
was very similar to that of the bank 
floods at 70°F with carbon dioxide 
in the liquid state. It should be 
pointed out that the volume of car- 
bon dioxide (0.08 PV) was meas- 
ured at model conditions, and when 
expressed in terms of liquid CO, at 
70°F, 1,050 psia, is equivalent to 
only 0.022 PV. Thus, the additional 
oil recovery per unit of carbon di- 
oxide injected (on a mass basis) 
was higher in the 100°F flood than 
in the case of the 70°F floods. 


Low-Viscosity Or RECOVERY 


Results of tests conducted with 
Loudon crude oil-Weiler sandstone 
systems are shown in Table 1. In 
Test 12 the water-driven carbon di- 
oxide bank injection was preceded 
by water flood. In Test 13 the sys- 
tem was subjected to gas drive, water 
flood and finally water-driven car- 
bon dioxide flooding. The preliminary 
gas drive in Test 13 was at low pres- 
sure and did not cause a significant 
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free gas saturation during the high 
pressure flood. The results of Tests 
11, 12 and 13 show that the total oil 
recovery at the end of the water- 
propelled carbon dioxide flood was 
about the same, whether the system 
was initially water flooded, or both 
gas driven and water flooded. 


MECHANISM OF THE WATER- 
DRIVEN CARBON DIOXIDE PROCESS 


From the results of this investiga- 
tion we consider the carbon dioxide 
bank process an “improved water 
flood” that recovers more oil because 
of viscosity reduction and oil swell- 
ing. A final mechanism, a solution 
gas drive when the system is depres- 
sured after flooding has ceased, then 
produces some additional oil. (This 
mechanism will be discussed later.) 

If it is true that viscosity and 
swelling are the principal factors in 
increasing oil recovery, then we 
should be able to estimate, on the 
basis of phase behavior and water- 
flooding data, the oil recoveries ob- 
tained in the linear sandstone mod- 
els. Such calculations were made, 
and the calculated and experimental 
results, as shown in Table 2 for 
three tests, were in very close agree- 
ment. Similar agreement between cal- 
culated and experimental results (not 
shown here) was obtained for the 
Loudon crude oil-Weiler sandstone 
systems. 


BLOWDOWN RECOVERY 


In the water-driven carbon dioxide 
bank tests a considerable quantity of 
“blowdown” oil was produced by de- 
pressuring from the outlet faces of 
the models after flooding had been 
stopped at a high water-oil ratio. A 


thorough experimental investigation 
of the blowdown recovery was made. 


Results of these experiments, as 
will be described, show that oil re- 
covery by blowdown is not merely 
a laboratory phenomenon, but would 
contribute to oil production during a 
field operation. 


It was first considered that at least 
part of the blowdown recovery might 
be the result of a capillary end effect 
prevailing during the flood, causing 
a pile-up of oil near the model out- 
lets. In subsequent tests with banks 
of carbon dioxide, the flooding rate 
was increased sharply during the final 
stages of flooding. In no case was 
any change in the producing water- 
oil ratio observed. These results pre- 
clude possibility of an end effect due 
to capillary forces. 


Further observations showed that 
length of the model and rate of blow- 
down had no significant effect on the 
blowdown oil recovery. 


It was observed that blowdown re- 
covery was approximately equal to 
the increase in oil recovery caused 
by the presence of a free gas phase 
during water flooding.” Although con- 
ducted with different experimental 
procedures, the tests of water flood- 
ing in the presence of free gas and 
the blowdown experiments possess 
several fundamental similarities. The 
free gas tests were conducted by sat- 
urating models with oil and gas, then 
water flooding. It was found that the 
recovery obtained during water flood 
was a function of the amount of 
trapped gas—in other words, the vol- 
ume of gas remaining in the system 
after water flooding. 

In the case of the carbon dioxide 
tests, the gas phase is not created 
until the model is depressured. How- 
ever, part of the gas formed should, 
as in the free gas water floods, oc- 
cupy pore spaces previously occu- 
pied by oil. During depressuring, ex- 
pansion of the carbon dioxide pro- 
vides driving energy so that portions 
of each of the three phases present 
(gas, water and oil) are moving. 

If this reasoning is valid it should 
be possible, by maintaining a free 
gas phase, to obtain during the 
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TABLE 3-—EFFECT OF FREE GAS ON BLOWDOWN RECOVERY 


Model Description 


Oil Recovery — Fraction of Oil 
Initially in Place 


Approx. 
Test Length @ kair 
No. Test Description (ft) (%) (md) 


16 Water-propelled 0.17-PV 18 24.6 500 


CO2z bank displacement 
of Ada crude from Tor- 
pedo sandstone after gas 
driving at elevated pres- 
sure to establish a free 
gas phase. 


17 Water-propelled 0.17-PV 8 26.7 1500 


COz bank displacement 
of Ada crude from Tor- 
pedo sandstone. Free gas 
phase created during the 
flood by dropping the 
Pressure and allowing 
some COs to vaporize. 


18 Water-propelled 0.20-PY 16 20.2 100 


COz bank displacement 
of Loudon crude from 
Weiler sandstone. Free 
gas phase established by 
gas driving at elevated 
pressure pricr to flood- 
Ing. 


Initial By gas 
oil Connate driving to By By 
satn. water establish COz blow- 


78.4 21.6 0.284 0.407 0,010 0.701 
78.5 21.5 — 0.787 0.013 0.800 
747 25.3 0.385 0.325 0.014 0.724 


course of the flood that oil normally 
obtained during blowdown. To check 
this hypothesis experimentally, sev- 
eral laboratory tests were conducted 
wherein a free gas saturation was es- 
tablished prior to or during the car- 
bon dioxide bank flood. Results of 
these tests are summarized in Table 
3. It is apparent from these results 
that presence of a free gas phase 
during a carbon dioxide bank flood 
virtually eliminates the blowdown re- 
covery, as such, without reducing to- 
tal recovery. Thus, it appears that 
the blowdown oil may be recovered 
during the flood when a free gas 
phase is maintained. 

The results just discussed indicate 
that in a field operation oil produc- 
tion during blowdown would be re- 
duced by the effect of any trapped 
gas in the reservoir. In such a case, 
part of the blowdown recovery would 
have been obtained during the flood. 


SUMMARY AND CONCLUSIONS 

An experimental study of the use 
of water-propelled carbon dioxide 
banks for the recovery of crude oils 
has been completed. Both high- and 
low-viscosity crude oils were in- 
cluded. 

The following conclusions can be 
drawn concerning the behavior of 
this process in linear laboratory sys- 
tems: 
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1. Water-propelled carbon dioxide 
banks substantially increased oil re- 
covery over that obtainable by water 
flood. 

2. The recovery during a carbon 
dioxide bank flood can be closely 
predicted from phase behavior and 
waterflooding data. 

3. Additional oil is recovered by 
depressuring laboratory models at 
the end of the carbon dioxide bank 
tests. This additional recovery by so- 
lution gas drive is very nearly equal 
to the additional oil recovery ob- 
tained as a result of trapped gas in 
water floods carried out in the pres- 
ence of a free gas phase. 

These conclusions were drawn 
from linear laboratory systems in 
which the volumetric sweep efficiency 
might be expected to approximate 
100 per cent. Any extension of these 
conclusions to actual field systems 
would require correction for effects 
such as areal sweep and stratifica- 
tion. 


ACKNOWLEDGMENTS 


The authors wish to express their 
appreciation to G. G. Binder, Jr., 
and V. G. Meadors for their contri- 
butions to the planning and interpre- 
tation of this work and to W. P. 
Banks for obtaining the phase be- 


8 


VISCOSITY - CENTIPOISES 


70°F 


25 400 800 1200 600 2000 2400 
PRESSURE - PSIA 


Fic. 3—Viscostry or Apa Crupe OIL 
SATURATED WITH CO,. 


havior data reported. Acknowledg- 
ment is given to the Jersey Produc- 
tion Research Co. for permission to 
publish this paper. 


REFERENCES 


1 Weber, G.: “New Recovery Techni- 
nique”, Oil and Gas Jour. (Jan. 25, 
1951) 49, No. 38, 171. 


2. Schiffman, L. and Breston, J. N.: 
“Effect of Low Pressure Gas Satura- 
tion on the Physical Properties of 
Bradford Crude’’, Prod. Monthly 
(March, 1951) 15, No. 5, 36. 


3. Ralph, H. D.: “New Recovery Tool’, 
Oil and Gas Jour. (May 3, 1951) 49, 
53: 


4. Martin, J. W.: “Additional Oil Pro- 
duction through Flooding with Car- 
bonated Water”, Prod. Monthly (July, 


5. Saxon, J., Jr., Breston, J. N. and Mac- 
farlane, R. M.: “Laboratory Tests with 
Carbon Dioxide and Carbonated Water 
as Flooding Mediums”, Prod. Monthly 
(Noy., 1951) 16, No. 1, 8. 


6. Johnson, W. E., Macfarlane, R. M., 
Breston, J. N. and Neil, D. C.: “Lab- 
oratory Experiments with Carbonated 
Water and Liquid Carbon Dioxide as 
Oil Recovery Agents”, Prod. Monthly 
(Nov., 1952) 17, No. 1, 15. 


. Weber, G.: “New-Method Report’, 
Oil and Gas Jour. (June 21, 1951) 
50, No. 7, 154. 


8. Martin, J. W.: “Field Data on Opera- 
tion of Orco Process Near Richburg, 
N. Y.”, Oil and Gas Jour. (Dec. 13, 
1951) 50, No. 32, 82. 


Stephan, S. C., Jr., and Rapoport, 
L. A.: “Mechanism of Water Flood- 
ing in the Presence of Free Gas”, 
Trans. AIME (1956) 207, 215. 


391 


| 
| 
(% PV) (% PV) gas phase bank down Total | | 
| 
| | 
| 
| | 


Pressure Inversion and Material Balance Calculations 


RA CL 


In a reservoir when gas comes out 
of solution and rises, additional pres- 
sure is created because of the change 
in position of this gas in the bounded 
volume. If this pressure effect is not 
taken into account as a pseudo-influx 
in material balance calculations on 
reservoirs in which there is evolving 
gas, an error is introduced that is 
directly proportional to the length of 
oil colunin and amount of gas evolved 
and inversely proportional to the res- 
ervoir pressure. In reservoirs with 
small oil column this pseudo-influx is 
of little importance. The larger the 
oil column the more important the 
effect becomes. The most important 
application, however, will be for res- 
ervoirs with declining pressure in 
which increasing water entry has 
been indicated by material balance 
calculations. It could be that this in- 
dication is the result of the cited 
pseudo-influx and not water entry at 
all. This paper attempts to explain 
this phenomenon in relation to ma- 
terial balance calculations and pre- 
sents an approximate method of de- 
termining the pseudo-influx. 


Only recently has the pressure-vol- 
ume relationship of gas rising in a 
liquid appeared in engineering lit- 
erature, although its effect has been 
discussed for several years—espe- 
cially among engineers engaged in 
drilling operations. The writer pub- 
lished a paper in 1957 in which this 
phenomenon was examined in rela- 
tion to blowouts in drilling wells.’ 
Also, in 1957 Stegemeier and 
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Matthews’ authored a paper in which 
the relationship was presented with 
respect to pressure build-up tests 
when shutting in producing wells. In 
this paper the effect will be called 
“pressure inversion” which is de- 
scriptive of the phenomenon. 

Fundamentally, the effect just men- 
tioned is the result of changing the 
position of a quantity of energy con- 
tained within the gas itself (as a re- 
sult of its compression) within the 
bounded volume in which the gas ex- 
ists. If the gas were allowed to ex- 
pand “beyond all bounds” there 
could be no pressure inversion effect. 
This is because all of the energy con- 
tained within the gas as a result of 
compression would have been re- 
leased. 


PRESSURE INVERSION 


A phase that has not been dis- 
cussed in the literature is the effect 
of pressure inversion upon material 
balance calculations in reservoirs in 
which the reservoir pressure drops 
with reservoir withdrawal and is be- 
low the bubble point. This action 
releases solution gas which, after the 
critical gas saturation has been 
reached, will tend to rise and collect 
at the top of the reservoir. The pseu- 
do-influx caused by this effect could 
be great enough in reservoirs of large 
oil column and high permeability to 
render invalid any analyzer studies 
made on them — if pressure inver- 
sion has not been taken into account. 
Most suspect would be those reser- 
voirs with large oil column in which 
increasing water entry has been pre- 
dicted but the bottom wells have not 
yet produced water. 


EXAMPLE 1 


Simply stated, this phenomenon 
exists in oil reservoirs because of the 
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difference in density and expansibil- 
ity between gas and oil. For exam- 
ple, if a bubble of gas exists at the 
bottom of a 1,000-ft column of oil 
having a gradient of 0.30 psi/ft with 
the pressure at the top of the column 
zero, the bubble of gas will be com- 
pressed to a pressure of 300 psi. If 
temperature and the combined vol- 
ume of the oil column and the gas 
bubble remain constant, as the gas 
bubble rises in the oil column it will 
have the same volume and conse- 
quently the same pressure at any 
point. 

Under these conditions when the 
bubble reaches the top of the oil col- 
umn, the pressure will be approxi- 
mately 300 psi at the surface and ap- 
proximately 600 psi at the bottom of 
the oil column. If it is assumed that 
the oil is incompressible the pressures 
will be exactly 300 and 600 psi, re- 
speotively. 


Vgc ™ 100 Units 
Gis Pac = 10 Units 
] 
CAP pee 10 Mols 
OIL 
Gas Bubble 
Unit 
PL = 100 Units 
1 Mol 


Fic. 1—Pressure INVERSION WITH A 
Gas Cap. 
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EXAMPLE 2 


Let us take an example with a gas 
cap. An ideal example is shown in 
Fig. 1. The gas-cap volume (V,.) is 
100 units and the gas-cap pressure 
(P,-) is 10 units. A bubble of gas 
exists at the bottom of the oil column 
which bubble has a volume (V,) of 
one unit and a pressure (P,) of 100 
units. The volume of the oil column 
including the gas bubble is 1,001 
units. Reservoir temperature is as- 
sumed to be constant throughout; 
the gas will not re-dissolve in the 
oil; the bubble contains 1 mol (N,); 
and the gas cap contains 10 mols 
(N,.). Pressure-volume relationships 
are assumed to follow the perfect gas 
law. 

Therefore, 


= 
N,. N, 


The total volume the gas will oc- 


cupy when the bubble reaches the 
gas cap is 101 units and there will 
be 11 mols of gas. Assume P, is the 
pressure in the gas cap after the bub- 
ble of gas has risen to the top. So, 
11 
where P, = 10.89 units . 


It can be seen from the aforemen- 
tioned that the gas bubble rising 
through the oil column to the gas 
cap increased the gas-cap pressure 
by 0.89 units. Therefore, the pres- 
sure at any point in the reservoir 
will have been increased by the same 
amount. Since material balance cal- 
culations equate change in pressure 
against volume withdrawal, it fol- 
lows that this increase of 0.89 units 
of pressure indicates a pseudo-influx 
that must be accounted for in ma- 
terial balance calculations. 


= 100, 


It is recognized that gas does not 
rise through the porous media in the 
form of “bubbles”. As the reservoir 
pressure drops below bubble point, 
gas is evolved in the form of bub- 
bles. These bubbles grow in size until 
by diffusion they coalesce forming 
continuous gas passages. At this time 
the gas begins to move, passing up- 
wards through the reservoir in the 
gas channels in a relatively continu- 
ous phase. Actually, the pressure re- 
lationships discussed herein are the 
same no matter how the evolved gas 
rises. Therefore, because it is easier 
to explain the phenomenon using 
bubbles, it will be assumed that the 
gas is evolved in the form of bub- 
bles and moved in some manner to 
the gas cap. 
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RECOMMENDED APPROXIMATE 
FORMULA 


The following is an approximate 
formula that can be used to calcu- 
late the pseudo-influx. 

where G,; is pseudo-influx in barrels 
during a given period of production, 
t; P, is average pressure at the level 
in the oil column where it can be as- 
sumed that all of the gas has evolved 
and moved up-dip to the gas cap dur- 
ing the same production period, 1; 
P,, iS average gas-cap pressure dur- 
ing the same period of production, f; 
and V, is volume in reservoir bar- 
rels of the gas evolved which reaches 
the gas cap during the same produc- 
tion period, t, under the conditions 
of P, and reservoir temperature. 


Gi = 


APPROXIMATE SOLUTION FOR 
DETERMINING PSEUDO-INFLUX 


In a reservoir in which the pres- 
sure is dropping and is below the 
bubble point throughout, the addi- 
tional pressure created by the pres- 
sure inversion will be the sum of a 
relationship involving the mass and 
volume of each bubble evolved which 
will migrate to the gas cap and the 
difference in pressure for each bub- 
ble between the point at which it is 
evolved and the gas-cap pressure. 
Since this is a transient condition and 
since it would be impossible to tell 
how much of the evolved gas is pro- 
duced from up-dip wells and how 
much of the gas has re-dissolved, 
there is no exact solution. It would 
appear that approximate methods 
must be employed. The following is 
one approach to the solution of this 
problem. 


Examination of solubility vs pres- 
sure curves for oil and its dissolved 
gas will show that as the pressure 
is decreased from the bubble point, 
gas will be evolved at nearly a con- 
stant rate per pound drop until the 
pressure has decreased to a few hun- 
dred psi. Even at these pressures the 
change is gradual so that an approxi- 
mate straight line could be drawn 
through the curve for a pressure in- 
crement of as much as 300 psi. Since 
it is the rare reservoir that has an 
oil column of over 1,000 ft and an 
original pressure of less than 500 
psi, it will be assumed that when the 
pressure of the entire oil column is 
below the bubble point, the same 
amount of gas will be evolved from 
each barrel of reservoir oil per pound 
pressure drop regardless of its posi- 
tion in the reservoir. 


The determination of the point in 


O-G Contact 


=x 
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1S CONSIDERED WHEN (A) O1L CoLUMN 
ASSUMED OF Constant VOLUME FROM 
THE OIL-WATER CONTACT TO THE GAS-OIL 
Contact. (B) GrapuicaL REPRESENTA- 
TION OF WHAT Eacu Evo.tvep BUBBLE 
Witt Conrripute to Pressure INver- 
sion Errect witH RESPECT TO ITS 
Positron or Evo.Lurion. 


the reservoir which can be used as 
that from which all gas has been 
evolved is explained in two steps. In 
Fig. 2 (A) it is assumed that the 
oil column is of constant volume 
from the oil-water contact to the gas- 
oil contact. The effect of position of 
the gas will thereby be considered. 
In Fig. 3 the quantity of gas with 
relation to depth is considered. The 
final approximation is the product of 
these two effects. 

In Fig. 2 (A) it is assumed that 
the entire oil column is below bub- 
ble-point pressure, the pressure is 
dropping and gas is evolving over the 
entire oil column. Fig. 2 (B) is a 
graphical representation of what each 
evolved bubble will contribute to the 
pressure inversion effect with respect 
to its position of evolution. A bubble 
of gas evolved at the oil-gas contact 
will contribute no additional pressure 
due to its change in position in ris- 
ing to the gas cap. On the other 
hand, a bubble of gas evolved at the 
oil-water contact will contribute an 
additional pressure of P, less (what 
the gas-cap pressure is when this 
quantity of gas reaches it) by its rise 
—or, since pressure and volume are 
inversely related in the gas law, if 
the pressure drops by the aforemen- 
tioned increment, it will contribute 
an increase in volume due to its 
change in position. 

In Fig. 2 (B), therefore, this pres- 
sure differential is related in an ap- 
proximate straight line to depth and 
the average effect of pressure inver- 
sion may be considered at the line 
where A, = A,. This line is 0:293 of 
the length of the oil column from the 
oil-water contact to the gas cap. 


If the reservoir is not uniform, 
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then a graph similar to Fig. 3 should 
be prepared in which the cross-sec- 
tional area of the oil column is 
plotted against depth. The distance, 
(b), from the oil-water contact where 
the planimetered area, A; = Ai, 
should be determined. The level at 
which all gas can be considered to 
have been evolved is 0.5865 above 
the oil-water contact. 


APPLICATION 


If it is assumed that an equal quan- 
tity of gas is evolved with each pound 
pressure drop, it follows that the 
pseudo-influx effect will get larger as 
reservoir pressure decreases. This is 


because this effect is inversely pro- 
portional to a measure of reservoir 
pressure. It is also necessary to re- 
member that the effect will increase 
at increasing rate with decreasing res- 
ervoir pressure. It is this fact, that 
magnitude of error will increase at 
increasing rate, that is of the greatest 
importance, for it will influence res- 
ervoir interpretation even in reser- 
voirs of decreasing pressure where 
the oil column is relatively small. 
Material balance calculations on 
these reservoirs may show an in- 
creasing influx that is interpreted as 
water when as a matter of fact there 
might be no influx at all. 


CONCLUSIONS 


To use this method it is necessary 
to know: (1) the size and configura- 
tion of the reservoir, (2) the oil-gas 
and oil-water contacts, (3) complete 
PVT analysis, and (4) pressure-pro- 
duction history. 

The basic steps for the analysis 
would be as follows. 

1. Determine the depth from which 
it is assumed that all the gas has 
evolved. Use method just described. 

2. Calculate the quantity of gas 
that has evolved from the oil during 
the production period. 

3. From experience determine a 
“lag” factor to apply if the produc- 


tion rate varies greatly between con- 
secutive time periods. 

4. Determine the reservoir pres- 
sure (at depth calculated in Step 1) 
and the gas-cap pressure for the mid- 
period and with the quantity of gas 
calculated in Step 2, substitute in 
Eq. 1. This will give a quantity that 
represents the pseudo-influx for the 
period unless the production rate has 
varied greatly from the previous in- 
terval of time. 

5. If the production rate has varied 
greatly, multiply the result obtained 
in Step 4 by the lag factor obtained 
in Step 3. This will give an estimated 
pseudo-influx for the period. 

The quantity obtained in either 
Step 4 or 5 is used in material bal- 
ance calculation as gas influx into the 
gas cap. 
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Effect of Gas-Oil Ratio on the Behavior of Fractured 
Limestone Reservoirs 


JUAN JONES-PARRA, h. 
MEMBER AIME 
RAFAEL SEIJAS REYTOR 


The porosities of fractured limestone reservoirs can 
be divided into two broad types in accordance with their 
effects on fluid distribution and fluid flow. In the coarse 
porosity, gravity segregation takes place freely and the 
resistance to fluid flow is very small. In the fine porosity 
there is no segregation and a high resistance to flow, 
and it has relative permeability characteristics similar to 
tight sandstones. 

By analyzing the affect of the two porosities it is con- 
cluded that in some cases to recover the maximum 
amount of oil it is necessary to remove large quantities 
of gas from the reservoir by producing at high gas-oil 
ratios. In this manner the fine porosity is drained of its 
oil and the gas-oil contac: drops slowly permitting higher 
production rates from the oil leg. Since this conclusion 
is contrary to widely accepted principles of conserva- 
tion, a mathematical model (Fig. 1) was constructed to 
duplicate the conditions desired. 

The behavior of the model indicates that under cer- 
tain conditions it is possible to recover more oil by pro- 
ducing at high gas-oil ratios than by production at low 
gas-oil ratios, and that the rate of production is affected 
more by gas shut-offs than by the decrease in pressure 
(Figs. 2, 3, 4 and 5). 


It has been noted that certain limestone reservoirs be- 
have in such a way as to indicate that there are two 
distinct types of porous spaces available for fluid storage 
and fluid flow. Regardless of the nature of these porous 
spaces the distinguishing characteristic is that in one 
type of porous space there is definite gravity segrega- 
tion between the oil and the gas; while in the other, the 
gas evolved tends to remain distributed equally through- 
out the reservoir. For the sake of simplicity the porosity 
in which gravity segregation takes place at a fast enough 
rate to affect the behavior will be called “coarse po- 
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rosity”, while that in which this is not so will be termed 
“fine porosity”. 

The behavior of a reservoir of this type would be 
different than that of a sandstone reservoir, especially 
if most of the oil is in the fine porosity. It has been ob- 
served that fluid flow to the wells takes place mostly 
through the coarse porosity. The large fractures which 
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make up this porosity have such a high fluid carrying 
capacity as to make unimportant that of the rest of the 
rock in contact with the well. Hence, in these reser- 
voirs, the fine porosity produces into the coarse porosity 
which produces into the wells. This being the case, most 
of the gas that flows from the fine porosity into the 
coarse porosity will migrate upwards; and, if there is 
vertical continuity in the coarse porosity, it will accumu- 
late up-dip creating a secondary gas cap in the coarse 
porosity. 

Since the normal tendency is to produce at reason- 
ably low gas-oil ratios, gas shut-offs are usually made 
to isolate the up-dip fractures which are filled with mi- 
grating gas, isolating at the same time large quantities 
of oil in the fine porosity and reducing considerably the 
production rate of the wells. Since most of the gas 
which is produced from the fine porosity flows up-dip 
instead of flowing towards the well, in these reservoirs 
it is possible to produce at very low gas-oil ratios as 
long as gas-filled fractures are isolated. However, the 
high pressure of the fluids in the coarse porosity pre- 
vents the production from the fine porosity into the 
coarse porosity so that the higher the pressure at which 
the gas cap occupies all the coarse porosity the less oil 
from the fine porosity which would have been produced. 
In other words, a relatively small volume of oil in the 
coarse porosity could be produced very efficiently at the 
expense of the oil in the fine porosity. 

The possibility that the higher pressures available 
would maintain production rates high enough to shorten 
the period required to produce the oil to the extent that 
the shorter pay-out would compensate for the oil left be- 
hind is eliminated by the fact that the reduction in pro- 
duction due to gas shut-off is much more significant than 
that due to the decrease in pressure. In some reservoirs 
it might be possible to recover the oil left behind in the 
reservoir by producing the gas in the coarse porosity; 
however, the only place to establish continuity in the 
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oil from the fine porosity to the coarse porosity to the 
well would only be at the bottom of the reservoir, so 
that before the oil can be produced it is necessary that 
it drain by gravity all the way down-dip. 


The production mechanism which is proposed is logi- 
cal, but the main conclusion is contrary to firmly es- 
tablished concepts. Hence, equations are derived for a 
model reservoir having the required characteristics 
which, when solved, indicate that under certain condi- 
tions the higher the cumulative produced gas-oil ratio 
the more oil that can be recovered from it at a faster 
rate. 


DERIVATION OF THE EQUATIONS 


Fig. 1 shows a model of the reservoir under con- 
sideration. Its total pore volume is composed of two 
zones. The f zone is that in which gravity dratnage does 
not take place and the reservoir behaves in the same 
manner as a tight sandstone reservoir producing by so- 
lution gas. This is the fine porosity zone. In the coarse 
porosity zone (1 — f) gravity segregation takes place 
subdividing it into a gas-filled zone (H) and an oil-filled 
zone (1 — H). Zone f contains oil (S,), gas (S,) and 
connate water (S,,). 

From Fig. 1 it can be seen that the free gas in the 
reservoir at any pressure and at reservoir conditions is 
given by 


oiT 


This volume of gas can also be obtained by subtract- 
ing from the original gas that which has been produced 
and that which is still in solution and converting to 
reservoir conditions. 


Combining these equations the following expression 

is obtained for the ratio of produced oil to oil initially 
in place. 
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This ratio can also be obtained from the following 
equation’, 


n/N = 


Soir Sen 
ji 
B, 
but since the figure indicates that 
then 
SB; = 
n/N 
SoirB 
Combining Eqs. 3 and 6 and solving for H, 
ri 


BS 
B 


‘ 


B— vr(l —f + fS,) + fS,B — 


C=r,v(1 — f) 

With the value of H thus obtained, the ratio n/N can 
be obtained from Eqs. 3 or 6. Using pad 6, 


where 
fS.B; 
B=1-2 


Assuming that all the production rate is due to the 
coarse porosity, the decline in productivity index (DPI) 
would be given by 

(u 


(u, B), 
where (1 — A) has been substituted for k, in the well- 
known equation.’ Assuming further that the pressure 
drawdown is a constant fraction of the static pressure, 
the ratio of the production at any pressure and any 
value of H to the production capacity at initial condi- 
tion would be given by 

Q, (1 — H)(u,B),P 
On u, BP, 


(10) 


APPLICATION OF THE EQUATIONS 


Fig. 2 shows the basic information used to solve 
the equations. A value of f = 0.95 and a value of S, = 
0.20 were chosen. The relationship between S, and pres- 
sure shown in the figure was obtained using the stand- 
ard material balance equation, with the K,/K, curves 
given by Muskat’ corrected to a value of S,, of 0.20. 

The relationship between H and the pressure as a 
function of the ratio of cumulative produced gas-oil 
ratio to initial solution gas-oil ratio is given in Fig. 3 
and that between n/N and the pressure is shown in Fig. 
4; the limiting values of n/N when H = 0 and when 
H = 1 are also shown. The curves indicate the behavior 
from 3,000 to 1,000 psi. 

In Fig. 5 the relationship between the production ra- 
tio as functions of the pressure and H is indicated. For 
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example, if P = 1,450 and H = 0.4 then the production 
would be 0.23 of the initial production. 


CON CEUSTLONS 


The limiting value of n/N shown in Fig. 4, when 
the gas occupies all the coarse pore volume (when H 
= 1), clearly indicates that the lower the pressure at 
which this occurs the greater the volume of oil which 
can be recovered. 

That the productivity depends more on the value of 
H than on the pressure is fairly obvious, but can best 
be shown by specific examples. From Figs. 3, 4 and 5 
it is possible to obtain the effect of arriving at any stage 
of depletion at different cumulative gas-oil ratios. From 
the figures the following tabulation was obtained: 


n/N P H Qo/Qoi 
0.10 Bone 2,025 0.63 0.23 
0.10 1.0 1,770 0.27 0.38 
0.10 1.6 1,615 0.06 0.42 
0.14 (9)5)] 1,840 0.96 0.02 
0.14 1.0 4,540 0.61 0.16 
0.14 1.6 1,370 0.38 0.22 


This tabulation clearly indicates that the production 
declines less when producing at the higher gas-oil ratios 
in spite of the fact that at any given stage of depletion 
the pressures are lower. 


NOMEN URE 


initial stock-tank oil in place, bbl 

stock-tank oil produced, bbl 

saturation based on total pore volume 

saturation based on fine pore volume 

fraction of coarse porosity occupied by gas 

fraction of total pore volume where gravity 
segregation does not take place 

volume occupied in barrels in the reservoir 
by a standard cubic foot of gas 

r, = cumulative produced gas-oil ratio 

r = gas in solution, cu ft/bbl 

B = oil formation volume factor 

viscosity, cp 


< 
lI 


k = relative permeability 

P = pressure, psi 

Q = production rate, STB/D 
SUBSCRIPTS 


i = initial values 
o, g, w = oil, gas and water 
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One of the primary requirements 
for successful operation of an en- 
riched gas-drive project is to control 
the composition of injection gas. 
This can become a serious and diffi- 
cult problem, particularly in cases 
where the enrichment material is be- 
ing furnished from a number of field- 
produced gas streams. 


It is possible to effect control of 
the injection gas composition through 
frequent or continuous sampling; 
however, this can be extremely costly 
and, in many cases, impractical due 
to laboratory requirements of time. 
Another alternative would be to pro- 
vide a calculation technique which 
would be flexible and sufficiently ac- 
curate to predict composition of the 
liquid and gas streams of interest at 
any point in the system. 

The purpose of this paper is to 
discuss a technique that was used 
successfully on an operating enriched 
gas-drive project for developing in- 
formation which could be used for 
controlling composition of the in- 
jected gas. 


FIELD OPERATIONS 


The particular field (hereafter 
called Example field) in the example 
operation being discussed is com- 
posed of four oil reservoirs (A, B, 
C and E) and one gas condensate 
reservoir (D). Casinghead gas trom 
the oil reservoirs and gas from the 
gas condensate reservoir are gathered 
through a field gathering system as 
shown in Fig. 1 for injection into 
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Reservoir C. The gas mixture which 
is recovered from the five reservoirs 
for injection purposes is composed 
of gases liberated in 19 individual 
separators, each operating at a sep- 
arate temperature and pressure. 


PROPOSED CALCULATION 
TECHNIQUE 


It is well known that vapor-liquid 
equilibrium calculations in general 
use throughout the petroleum indus- 
try can be used to predict reliably 
the phase behavior of hydrocarbon 
mixtures, particularly at pressures 
less than 1,000 psig. It is then a sim- 
ple matter to account for the ma- 
terial on a component basis by mak- 
ing flash and material balance cal- 
culations at each separation point in 
a hydrocarbon system. Accordingly, 
it was proposed to use vapor-liquid 
equilibrium and material balance cal- 
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culations with a medium-sized elec- 
tronic digital computer as a basis for 
developing a control procedure for 
use in controlling injection gas com- 
position in the enriched gas-drive 
project. Although the approach is a 
simple one, the numerous vapor- 
liquid equilibrium calculations in- 
volved make the problem laborious; 
in this particular case, it would have 
been impractical to make suffi- 
ciently complete analysis without the 
aid of digital computing equipment. 


SAMPLING AND VERIFICATION 
OF CALCULATION PROCEDURE 


To obtain representative gas and 
liquid stream samples and to pro- 
vide a quantitative measure of over- 
all system performance for compara- 
tive purposes, a thorough test of 
the field and plant system was con- 
ducted in the summer of 1957. Oil 
production at each battery was sta- 
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bilized at normal calendar-day allow- 
able rates insofar as possible, vessel 
temperatures and pressures were rec- 
orded and close control of compres- 
sor plant operating conditions was 
maintained. Rates of stock-tank oil 
and condensate production were 
gauged, and casinghead gas and gas- 
well-gas rates were recorded by 
orifice meters located at each field 
separator and at various points with- 
in the compressor plant. 

Field separating conditions were 
virtually constant during the test 
period with maximum variations in 
gas volume through the plant in the 
range of 3 to 4 per cent. After stabi- 
lized conditions had prevailed for 
approximately six hours, the plant 
discharge was considered to be repre- 
sentative of these conditions, and 
samples of the gas and liquid to be 
injected were obtained. 

Since the hydrocarbon system in 
question is operated at pressures less 
than 1,000 psig except for the final 
discharge pressure, selection of equi- 
librium constants was not a critical 
issue. Equilibrium constants were se- 
lected from the published NGAA 
data, and satisfactory test flash cal- 
culations were made at separator 
pressures and temperatures for which 
laboratory analyses of the two sep- 
arator streams were available. 

Flash calculations were made for 
each stage of separation in the field. 
Composition together with volume of 
overhead gases were used to obtain 
a material balance at each combin- 
ing point. This provided a resultant 
combined composition for further 
flash calculations at downstream 
points of separation until the final 
composition of the plant discharge 
was obtained. Gas production totals 
were available from (1) the gas 
metered volumes at the field sep- 
arators and (2) calculated gas vol- 
umes from gauged oil volumes using 
flash data. Since a close check was 
obtained between the field-metered 
volumes and the master plant meter- 
ed volumes, metered gas volumes 


TABLE 1—COMPARISON OF ANALYTICAL AND 
CALCULATED COMPOSITION OF COMPOSITE 
INJECTION GAS MIXTURE 


Analysis Calculated 
Component (per cent) (per cent) 
Ne 6.41 5.07 
C1 59.60 58.76 
Sub Total (66.01) (63.83) 
Ca 10.18 11.59 
C3 12.39 13.94 
Ce 1.66 1.94 
5.54 6.10 
0.76 0.78 
1.06 1.03 
Ce + 1.26 0.79 
HeS 0.12 a 
1.02 a 
Total 100.00 100.00 


aAvailable information inadequate for calculation 
of the components. 
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were considered adequate for use in 
the calculations. However, as a fur- 
ther check, the plant discharge com- 
position was calculated using gas 
volume obtained by both methods, 
and the results compared favorably. 

As shown in Table 1, calculated 
final injection gas composition com- 
pares closely with average labora- 
tory analyses. Calculated methane 
content was 58.76 per cent as com- 
pared to the analyzed content of 
59.60 per cent and represents a dif- 
ference of only 0.84 per cent. Com- 
parison between calculated composi- 
tion of the two fluid streams (gas 
and liquid streams prior to recom- 
bination for injecticn) and labora- 
tory analyses was equally as good 
as the final recombined comparison. 
Also, it is significant to note that all 
calculated gas and liquid volumes 
at various metering points through- 
out the plant compared very closely 
to the metered volumes. Based oi 
the satisfactory match between calcu- 
lated injection stream composition 
and laboratory-determined injection 
stream composition, the calculation 
technique was considered applicable 
for use as a foundation from which 
a control procedure could be fabri- 
cated. 


APPLICATION OF TECHNIQUE 
AND RESULTS 


Since it would be impractical to 
investigate all possible operating con- 
ditions even with a digital computer, 
an attempt was made to define major 
significant effects and thereby reduce 
the control procedure to the most 
simple and practical form. Conse- 
quently, calculations were made on 
the system at various oil production 
rates, separator temperatures and 
pressures, and gas reservoir produc- 
tion rates. Results of these calcula- 
tions indicated that fluctuations in 


oil-producing rates and _ separator 
temperatures and pressures that can 
be expected in normal field opera- 
tions would not significantly affect 
composition of the injection gas in 
this case. The predominant and con- 
trolling factor in the composition 
of the injection gas was found to be 
ratio of Reservoir D gas to combined 
casinghead gas. Fig. 2 shows the final 
relationship between methane and 
non-hydrocarbon concentration and 
the ratio of Reservoir D gas to cas- 
inghead gas. 

Control of the injection stream 
composition for the Reservoir C en- 
riched gas-drive project can be ef- 
fected by properly proportioning the 
Reservoir D and casinghead gas 
streams. Should operating conditions 
change considerably (such as gas 
breakthrough in the enriched gas- 
drive project), further analytical 
work would be required. Such things 
could, and probably will, alter the 
required control procedure from time 
to time. 


COUNT 


1. The composition of liquid and 
gas stream at any point of interest 
in a system of this type can be de- 
termined within reasonable limits for 
normally encountered conditions 
using conventional vapor-liquid equi- 
librium and material balance calcu- 
lations. 

2. By utilizing a calculation tech- 
nique of the type discussed, pertinent 
operating variables can be defined 
with sufficient precision to permit 
correlation of injection stream com- 
position with all likely operating con- 
ditions. 

3. Approaches of this type can be 
useful in developing procedures for 
exercising the required quality con- 
trol for successful operation of en- 
riched gas-drive projects. FIK 
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Computing Techniques for Water-Drive Reservoirs 


A procedure which makes use of 
both analog and digital computers 
has been developed for predicting 
the pressure-production behavior of 
water-drive reservoirs. The electric 
analyzer is used for matching the 
past pressure and production history 
of the reservoir and inferring the 
physical characteristics of the aquifer. 
When the history has been matched, 
a set of base curves called “influence 
functions” are derived and the future 
behavior of the reservoir is calculated 
from these curves. 


RO DUC TLON 


Electric analog methods are par- 
ticularly well-suited for complex 
water-drive problems.***" Like all 
other methods of analyzing water- 
drive reservoirs, however, analog 
methods are subject to certain limi- 
tations. One of the more obvious 
and serious of these results from 
inaccurate or insufficient knowledge 
about physical characteristics of the 
reservoir and aquifer. However, it is 
not insurmountable because the un- 
known characteristics can usually be 
inferred from the reservoir’s previous 
behavior. Simons and Spain® have 
shown that even with scant reservoir 
data and limited production history, 
electric analyzer studies can provide 
useful and reliable results. 

Aside from this limitation on ana- 
lyzer predictions, the main disad- 
vantage has been lack of a technique 
for keeping predictions abreast of 
latest production forecasts. Pressure 
behavior of a reservoir depends on 
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the rate at which fluid is withdrawn; 
it is therefore necessary to specify 
the future withdrawal schedule be- 
fore the future pressure behavior can 
be calculated. Conventionally, the 
electric analyzer predicts pressure 
behavior for a specific production 
schedule. If this schedule is aban- 
doned in favor of some new one, as 
is frequently the case, either the 
study must be rerun or results ad- 
justed in some manner. The usual 
procedure is to predict pressures for 
several different forecasts covering a 
wide range of production rates. Pres- 
sures for specific rates other than 
those studied can then be approxi- 
mated by interpolating between the 
analyzer predicted curves. However, 
reliability of this type of prediction 
is doubtful. 

This paper describes a technique 
for predicting future behavior of 
water-drive reservoirs that retains all 
advantages of electric analyzer ana- 
lysis and eliminates the main disad- 
vantage. That is, the analyzer is used 
conventionally to infer unknown res- 
ervoir parameters from the pressure 
history, but not to predict the future 
behavior directly. Instead, a derived 
set of base curves, called influence 
functions, can be used to calculate 
future behavior for any production 
schedule. 


INFLUENCE FUNCTIONS 


Energy for displacing the oil into 
the wells in water-drive pools is de- 
rived from water lying in the sur- 
rounding aquifer. Water moves by 
expansion to replace the oil with- 
drawn. This movement and the as- 
sociated pressure behavior are de- 
scribed by the diffusivity equation, 


JERSEY PRODUCTION RESEARCH CO. 


In the case of an undersaturated 
oil pool, this equation also applies in 
the pool area. The diffusivity coeffi- 
cient in this equation is related to 
permeability, porosity of the rock, 
viscosity of the fluid, and expansibil- 
ity of the fluid and rock matrix. Eq. 
1 is a linear, second-order differentia! 
equation. As a result of the linearity 
of this equation, two important prop- 
erties are known: (1) any solution 
of this equation may be multiplied 
by a finite number and still be a solu- 
tion and (2) any sum of functions 
which are themselves solutions of 
the equation is a solution. These 
properties comprise the principle of 
superposition. 

These two properties of the dif- 
fusivity equation suggest a third 
property: that any solution may be 
expressed in terms of some other 
solution or solutions. The following 
equation is such an expression. 

t 


P(t) =| — 7)d7 + q(o)F(t) 

(2) 

Here, P(t) is the pressure decline 
at any point (x,y) in the reservoir 
or aquifer resulting from a variable 
withdrawal rate of q at any point 
(x,,¥.). F(t) is the pressure decline 
at (x,y) which would result from a 
unit constant withdrawal rate at 
(x,,y,). The point (x,y) may or may 
not be the same point as (x,,y,)- 
P(t) and -F(t) may also represent 
average pressure decline of the en- 
tire reservoir or of any portion of the 
reservoir and aquifer. Since the unit 
solution F(t) is a measure of the 
influence of withdrawals upon the 
pressure behavior, it is referred to as 
an “influence function’. Application 
of this equation to heat conduction 
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problems and to transient electric 
circuit theory is discussed in texts 
by Karman and Biot’, Bush’ and 
Churchill.® 

Generally the withdrawal rate 
curve is not a continuous function 
but a series of constant rate inter- 
vals with abrupt changes in rate at 
discrete times. In this case, the right- 
hand side of Eq. 2 is precisely ex- 
pressed by a summation of finite 
quantities as indicated by Eq. 3. 


P(t,) = = ty) 


j=0 
(3) 
In this equation Aq, is the jump in 
rate which occurs at time f¢,, and 
F(t, — t,) is the total pressure drop 
that would have occurred with a 
unit constant withdrawal rate for a 
total elapsed time of t, — t;. In the 
general case, if withdrawals are made 
at m points, (or m zones as the case 
may be) the total pressure drop is 
expressed by Eq. 4. 


™m 


In this equation, the subscript i 
denotes point of withdrawal. It will 
be noted that a set of influence func- 
tions or unit solutions is required 
for each withdrawal point in the 
system. 


NATURAL DEPLETION 
PREDICTIONS—PRESSURE 
DECLINE 


It is obvious from Eqs. 3 and 4 
that for Eq. 1 only a single, constant- 
rate solution, F(t), is necessary to 
obtain the solution for any rate 
whether constant or variable. In res- 
ervoir terms, if the pressure decline 
that will occur with a constant with- 
drawal rate can be determined, then 
future pressure behavior for any pro- 
duction schedule can be accurately 
predicted by Eq. 3 or 4. Obtaining 
F(t), the unit solution, or influence 
function, is a simple matter with the 
electric analyzer. It is necessary only 
to simulate fluid withdrawal at some 
arbitrary constant rate and record 
resulting pressure decline at the point 
or points of interest. The curve can 
then be normalized by dividing each 
point on the curve by the arbitrary 
withdrawal rate. 

A group of typical influence func- 
tions is illustrated in Fig. 1. These 
curves represent the influence of each 
oil pool in a particular three pool 
system upon one of the pools. When 
the withdrawal schedule of each pool 
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is specified, Aqg,; is fixed; the pres- 
sure decline can be determined by 
performing the calculation indicated 
by Eq. 4. The F,; curve shows the 
influence of Pool 1 on itself; F. is the 
influence of Pool 2 on Pool 1; and 
F, is the influence of Pool 3 on Pool 
1. Fig. 2 shows the pressure behavior 
of Pool 1 and the withdrawal history 
of the three pools. The smooth pres- 
sure curve was determined directly 
by the electric analyzer and the 
circled pressure points were calcu- 
lated with Eq. 4. Within the limits 
of experimental accuracy these two 
methods gave identical results. For 
large complex problems, this calcula- 
tion can be most efficiently carried 
out on a high-speed digital computer. 

In the case of a saturated reser- 
voir, the calculation is somewhat 
more complex. When free gas is 
present in the reservoir, a in Eq. 1 is 
not constant since it contains expansi- 
bility, which, for the pool zones, is a 
function of the volumes of oil and 
gas in the reservoir, rate of pressure 
decline, and pressure itself. A tech- 
nique used in past analyzer studies 
of saturated reservoirs is also applic- 
able to the influence function type 
of prediction. This technique is to 
calculate average reservoir expansi- 
bility during each time interval and 
treat it as constant during that inter- 
val. Expansibility can be calculated 
by a suitable volumetric balance. For 
predictive work, the influence func- 
tion equation and volumetric balance 
equation must be solved simultane- 
ously since pressure is an unknown 
in each. Experience has shown that 
very good approximations can be ob- 
tained. Any desired accuracy can be 
achieved by taking sufficiently small 
intervals. 


CONSTANT PRESSURE 
INTERVALS 


The prime objective of most water- 
drive reservoir analyses is to predict 
the pressure decline that will accom- 


100 
Time 
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pany a proposed production sched- 
ule. Very often, however, it is also of 
major importance to predict the pro- 
duction rate necessary to maintain a 
proposed minimum pressure. The in- 
fluence function technique is also 
applicable to this type of predic- 
tion. 

If pressure is to be maintained 
constant at some minimum level, P is 
fixed and Eq. 3 can be solved for 
Aq. Suppose, for instance, that the 
minimum pressure level is encount- 
ered at time ¢,., and it is desired to 
calculate the withdrawal rate that 
will hold the pressure constant for 
the next time step. Since the with- 
drawal rate is known up to time 
te», it is necessary to calculate the 
the change in withdrawal rate which 
occurs at time /,.,. When Eq. 3 is 


solved for Agq,., the resulting ex- 
pression is 
n— 2 
Re) Aq;F(t, t;) 
ING 
(5) 


If there are m producing points or 
zones, there will be m Eqs. 5 and m 
unknowns which can be solved simul- 
taneously. 


FLANK WATER INJECTION 
PREDICTIONS 


The influence function technique 
can also be used to predict results of 
injecting water into the aquifer ad- 
jacent to an oil pool to enhance the 
natural water drive. In general, when 
such a scheme is being considered, 
the engineer must attempt to answer 
one or both of the following two 
questions. First, what effect will flank 
injection at a certain rate have upon 
the pressure behavior of the reser- 
voir? Second, at what rate must the 
water be injected to maintain both a 
specified production rate and a speci- 
fied reservoir pressure? 

The first of these questions needs 
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no special treatment. Water injection 
influence functions can be derived 
and pressure behavior calculated in 
the same manner as previously de- 
scribed for natural depletion predic- 
tions. An alternate procedure is re- 
quired, however, to determine rate 
of flank water injection required to 
sustain a specific production rate and 
at the same time prevent further 
pressure decline. This alternate pro- 
cedure is based on the concept of 
“volumetric effectiveness.” 

Volumetric effectiveness of flank 
water injection, as used here, is de- 
fined as the increase in total pool 
withdrawal rate per barrel per day of 
water injected. The increase in with- 
drawal rate is the difference between 
the withdrawal rate attainable under 
the influence of flank water injec- 
tion and the withdrawal rate that 
would be available from natural 
water drive alone with exactly the 
same reservoir pressure behavior. 

Theoretically, by superposition, 
volumetric effectiveness of flank 
water injection is independent of in- 
jection rate, pool pressure level, and 
distribution of pressure in the aquifer 
at the beginning of injection. This 
was verified experimentally with the 
electric analyzer. The only factors 
found to affect volumetric effective- 
ness were pool geometry, reservoir 
characteristics and injection well lo- 
cation. 

Of course, volumetric effectiveness 
is a function of time elapsed since 
the start of injection. During the 
early or transient stage, the curve 
builds up rapidly and appears to ap- 
proach a maximum. Fig. 3 is a typi- 
cal volumetric effectiveness curve. 
Theoretically, the curve will increase 
very slowly until it eventually reaches 
100 per cent. In most cases, however, 
especially in reservoirs where the 
transmissibility is sufficient to war- 
rant consideration of flank injection, 
volumetric effectiveness increases 
during the later “stabilized” stage at 
such a low rate that it can be con- 
sidered constant for practical appli- 
cation. Both the shape of the curve 
and the value at which it levels off 
depend upon effective permeability- 
thickness of the formation and dis- 
tance between injection location and 
point of withdrawals. Volumetric ef- 
fectiveness is determined with the 
electric analyzer by injecting into 
the network at the location being 
considered, holding constant pressure 
on the pool condenser or conden- 
sers, and measuring influx into the 
pool, 


With both influence functions and 
volumetric effectiveness curves, the 
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injection rate necessary to sustain a 
specific withdrawal schedule and 
maintain constant pool pressure can 
be determined in two steps. First, 
with the influence function, the with- 
drawal rate possible from natural 
water drive alone is calculated as 
described in the preceding section. 
The volumetric effectiveness curve 
then will show what rate of injec- 
tion is required to increase this nat- 
ural influx rate to the scheduled with- 
drawal rate. 


SUMMARY AND CONCLUSIONS 


The influence (function) tech- 
nique is an efficient tool for predict- 
ing behavior of water-drive reser- 
voirs. It is fundamentally a calcula- 
tive technique in which a group of 
base curves, or influence functions, 
is the required basic data. The most 
accurate and efficient method of ob- 
taining these curves is with the oil 
pool electric analyzer. 

The technique was developed pri- 
marily for systems of constant com- 
pressibility, or understaurated reser- 
voirs. However, when combined with 
a proper volumetric balance equa- 
tion, it is also useful for saturated 
reservoirs. The technique can be 
used to calcutate either pressure de- 
cline resulting from a specified with- 
drawal schedule or the withdrawal 
rate necessary to maintain pressure. 
In addition, a slight modification in 
the procedure, together with an ana- 
lyzer-determined “volumetric effec- 
tiveness” curve, permits prediction of 
pressure-production behavior under 
the influence of flank water injection. 


The main advantage of the influ- 
ence function technique is the greater 
usefulness and flexibility it affords 
to electric analyzer studies. Former- 
ly, usefulness of analyzer results was 
to a large degree dependent upon 
accurately estimated future with- 
drawal schedules because predictions 


were made only for specific future 
forecasts. With this new technique 
the analyzer is not used directly to 
predict the actual behavior, but 
rather to derive functions that can 
be used to calculate performance for 
any production forecast. If at some 
later date the forecast changes, these 
same functions can be used to cal- 
culate a revised pressure prediction. 
Thus, electric analyzer results do not 
lose their accuracy or usefulness 
merely because the actual produc- 
tion rate does not adhere to the 
postulated production rate. 


NOMENCLATURE 


F(t) = pressure influence func- 
tion 
ism = zone or area numbers 
j,n = time subscripts 
p = reservoir pressure 
P =cumulative reservoir 
pressure decline 
q = withdrawal rate 


Aq = withdrawal rate incre- 
ment 
t = time 


+ = integration time variable 
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Many factors influence the results of hydraulic frac- 
turing to stimulate well productivity. Most of these 
factors have been studied and their effects discussed in 
the literature. However, the movement of sand through 
the crack during fracturing has received little con- 
sideration. Exactly where the sand goes in the fracture, 
how it gets there, and how this might influence results 
have not been studied, judging from published reports. 

To get an answer to some of these questions we have 
studied sand movement through a simulated crack seg- 
ment in the laboratory. Although the work is prelim- 
inary, we have answered some questions about sand 
movement in a semiquantitative sense. We are reporting 
our results at this time in the hope of stimulating inter- 
est and further study in this important aspect of frac- 
turing. 


LABORATORY EXPERIMENTS 


Fig. 1 is a schematic diagram of equipment used 
in this study. A segment of a vertical crack 0.25-in. 
wide was formed between two Plexiglas plates, and 
movement of sand in fluid through the crack was ob- 
served under various conditions. 

Sand and fluid were injected into the crack at con- 
stant rates. The top and bottom of the crack were 
closed so that the fluid flowed horizontally. Because of 
gravity most of the sand settled to the bottom before 
moving very far through the crack. If the fluid velocity 
exceeded a certain critical value, then all the sand 
injected was washed on through the crack even though 
it had settled to the bottom. 

When the fluid velocity was less than this value 
when sand injection was started, most of the sand 
which settled in the crack remained in place until 
enough of the area open to fluid flow was blocked by 
the settled sand to imcrease the fluid velocity to the 
critical value. At this point all injected sand moved on 
through the crack even though it settled to the lower 
portion of the moving fluid section. All sand previously 
settled remained in place. 

When fluid velocity was increased at this point by 
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increasing fluid injection rate (without also increasing 
sand injection rate), some of the previously settled 
sand was washed out until enough area was open to 
flow that the velocity dropped to the critical value. 
Conversely, when the fluid velocity was decreased by 
decreasing the fluid injection rate (without changing 
the rate of sand injection), additional sand would 
settle until the critical velocity was again attained. 

In short, the critical velocity is an equilibrium value 
which the system will automatically seek, if possible. 

The equilbrium (or critical) velocity was measured 
under several conditions. The results of these measure- 
ments are shown in Fig. 2 where the equilibrium 
velocity is shown as a function of the amount of sand 
injected per minute. 

The points falling in the shaded band shown in Fig. 
2 were obtained with water. The higher viscosities 
were obtained by adding CMC (carboxymethylcellu- 
lose). Data indicate that the equilibrium velocity is not 
very sensitive to sand size or transport fluid viscosity, 
or to sand injection rate (except at very low rates). 

Points connected by the solid curve in Fig. 2 were 
obtained with water and 20- to 40-mesh steel shot. The 
equilibrium velocity is apparently fairly sensitive to 
difference in density between particle and fluid. 

Only one run was made with a gelled fluid and that 
was gelled water at zero sand injection rate as shown 
in Fig. 2. (Measurements of equilibrium velocity at 
zero sand injection rate were made by filling the crack 
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nearly full of sand and flowing fluid through until no 
more sand was washed out.) Although only one meas- 
urement has been made with a gelled fluid, it serves to 
indicate that the equilibrium velocity for gelled fiuids 
is considerably greater than for Newtonian fluids. The 
higher velocity is probably necessary to establish tur- 
bulent flow in the gel. 

The data shown in Fig. 2 do not cover the range 
of variables met in field operation, where frequently, 
for example, several hundred pounds of sand per 
minute are injected. However, we believe enough data 
points are available to indicate a trend. For most field 
operations we estimate equilibrium velocity for un- 
gelled oil or water to be at least 5 to 10 ft/sec and in 
some cases probably greater. The equilibrium velocity 
for gelled oil or water (or emulsions) is probably 
considerably greater than this. 

Although these data are incomplete, there are sev- 
eral important conclusions to be made about fracturing. 
These depend only on order of magnitude of the meas- 
ured equilibrium velocity and not on its exact value. 
These conclusions are discussed in the following section. 


APPLICATIONS TO VERTICAL FRACTURES 


(This discussion of vertical fractures is confined 
to those limited in vertical extent; that is, those con- 
tained between two horizontal planes as in Fig. 3.) 


BUILD-UP OF SETTLED SAND 


Sand falls to some extent in all fracturing fluids now 
used. Even such fluids as gelled oil and emulsions, 
which in some cases will completely support sand when 
not moving, will usually allow sand to settle while in 
motion. 

In a vertical crack the sand has two components of 
velocity—one downward through gravity and the other 
horizontal through movement of fluid through the 
crack. If the fluid velocity is less than the equilibrium 
value, a bed of settled sand will build up at the bottom 
of the crack (see Fig. 3). 


(Actually, while the settled sand bed is building up, 
some of the sand is being washed on down the crack, 
if the fluid velocity exceeds the equilibrium velocity at 
zero sand injection. However, this is a very small 
amount and will be neglected in this discussion.) 


The rate at which the height of the settled sand bed 
grows depends on the falling rate of the sand. It also 
depends on the sand concentration in the suspended 
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state and in the settled state. The bulk density of sand 
in the settled bed is about 13 lb/gal. Then rate of 
growth of the bed is given approximately by 


dt 13 

where H, is height of settled sand bed, ft; ¢ is time, 
minutes; v, is sand settling rate, ft/min; and S is sand 
concentration, |b/gal. 

The distance the settled sand bed extends from the 
wellbore while it is building depends on the horizontal 
velocity, the falling rate and the height of the crack as 
shown by the geometry of Fig. 3. For a crack of 
rectangular cross-section this distance is approximately, 


340 (2) 
W 
where D is distance sand bed extends from wellbore, ft; 
Q is injection rate, bpm; and W is crack width, in. 
(Actually, leak-off, which has been neglected, will 
reduce this number because the horizontal fluid velocity 
decreases away from the wellbore because of the lost 
fluid. Also, leak-off will increase rate of growth of the 
settled sand bed height because leak-off has the effect 
of increasing sand concentration in the fluid.) 

In some situations all that occurs is the growth of 
this settled sand bed because injection is stopped before 
equilibrium velocity is reached. 


D = 


For a vertical crack of rectangular cross-section, 
velocity of the fluid above the settled sand section is 
approximately 
340 
Wi 


where v is horizontal fluid velocity, ft/min; and h, is 
section open above settled sand, ft. With an equilibrium 
velocity of 7 ft/sec (420 ft/min) and crack width of 
0.25 in., the height of the open section above the 
settled sand bed when equilibrium velocity is reached is 


340 
(4) 


h, = 


SAND MOVEMENT AT EQUILIBRIUM VELOCITY 


If injection is continued after equilibrium velocity 
has been reached, all additional sand injected would 
be washed over the top of the settled sand bed. The 
sand bed then grows in length from the outer end 
as treatment is continued. This is illustrated in Fig. 4. 


(At equilibrium velocity there are two factors which 
will lead to a decrease in the height of the open section 
away from the wellbore: (1) leak-off, which reduces the 
total flow rate in the crack, and (2) the amount of 
sand which has settled to the bottom of the moving 
stream increases away from the wellbore.) 

Fig. 4 shows how a large amount of sand can be put 
away in a thin formation in fluids such as water which 


do not suspend sand very well. The sand can be simply 
washed out into the fracture. 
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EFFECT OF OVERFLUSH 


In the situation just discussed or in that previously 
discussed (where equilibrium velocity had not been 
reached) if sand injection were stopped and fluid injec- 
tion continued, the sand already in motion would 
merely continue to move so that the open space above 
the settled fluid would be cleared of the moving sand. 
In addition, some of the previously settled sand would 
be picked up and moved out, since equilibrium velocity 
decreases as sand injection rate decreases. 

During injection the fluid velocity at the wellbore is 
essentially the equilibrium velocity corresponding to 
zero sand injection rate. During overflush this condi- 
tion is approached away from the wellbore as sand is 
washed away. 


From Eq. 3 the height of the open section above the 
settled sand bed is 


340 
h, = 
Wy 
For an equilibrium velocity of 1 ft/sec (60 ft/min) at 
zero sand rate (from Fig. 2) and a 0.25-in. crack, the 


height is 


(5) 


(1/4) (60) 

If the fracture height (feet) is greater than that 

given by Eq. 6, overflush cannot wash all the sand 

out of the crack, regardless of size of overflush. If 

fracture height is less than this, overflush will wash all 

the settled sand from near the wellbore. In other words, 

overflush at high rates in thinner formations could be 
detrimental. 


HIGH RATE INJECTION IN THIN FORMATIONS 


As noted, overflush could wash out part of the 
settled sand bed if injection rate is high enough or frac- 
ture height small enough. In some situations the settled 
sand bed will not be built up so that even with no 
overflush good results cannot be obtained (see Eq. 5). 

For a 0.25-in. crack and velocity of 7 ft/sec (420 
ft/min) the value of h, is 34Q/(1/4) (420) = 0.30. 
Suppose injection rate Q is 30 bpm. The value of h, 
is 9 ft. If the fracture height were less than 9 ft, a 
bed of settled sand would not be built up and results 
would probably be poor. 


RESULTS OF FRACTURING 


In most situations only the settled sand bed con- 
tributes to stimulating production rate. After injection 
is stopped, the fracture continues to extend, the fractur- 
ing fluid leaks off and the fracture walls above the set- 
tled sand bed come back together. While this is hap- 
pening, some sand in suspension falls and adds to the 
settled sand bed. 

Sand still in suspension when the fracture walls come 
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back together usually contributes little to treatment 
success because the volume-percentage of sand in the 
fluid is generally very small and is usually crushed be- 
tween the fracture walls. Of course, with any amount 
of overflush the suspended sand contributes practically 
nothing to production. 

A very important consequence of the concepts out- 
lined here is the fact that the sand nearest the wellbore 
is the sand injected during the first part of treatment; 
that injected during the last part is farthest from the 
wellbore. This is illustrated in Fig. 5. 

This means that the technique of “tailing-in” with 
large sand has been done just backward. If equilibrium 
velocity is attained, the large sand will be washed 
over the small sand. If equilibrium velocity is not 
reached, the large sand will be distributed in a thin, 
long layer atop the settled bed of small sand. In any 
event the large sand will not end up nearest the wellbore 
where it is needed. 

When large sand is beneficial in fracturing, it should 
be injected first, not last, or should be used altogether. 

Another consequence of these concepts concerns 
radioactive tracer techniques in logging vertical frac- 
tures. If the vertical extent of fractures is to be seen 
by adding radioactive material, then the material must 
be added to the first part of the treatment. It should 
be added until equilibrium velocity is reached. (Since 
this may not be detected, the material should probably 
be added during the entire treatment.) Even so, the 
entire vertical extent of the fracture may not be traced 
—actually only the settled sand bed generally will be 
traced, and it may be partly washed out by overflush or 
may not have grown much because of low settling 
rates. 


CON CLEUSTONS 


Even though work reported here is preliminary, we 
believe several conclusions are evident. 

A bed of settled sand builds up in the bottom of a 
vertical fracture unless injection rate per foot of for- 
mation is very high. Sand injected later in the treat- 
ment is washed over this settled sand bed. Since this 
settled bed is nearest the wellbore, it is the most im- 
portant factor affecting fracturing results. 

Large sand, where helpful, should not be tailed-in, 
but should be injected during the first part of the treat- 
ment or injected during all of the treatment. 

Radioactive materials should be injected throughout 
a fracture treatment if the log is expected to show the 
vertical extent of the fracture. 

Overflush should probably be conducted at low in- 
jection rates and usually will not be injurious to results 
if carried out in this manner. 

Excessively high injection rates should be avoided in 
thin formation. 
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ABSTRACT 


The experimental phase behavior of several field 
gas-condensate systems, one field volatile oil system, 
and a series of synthetic systems having gas-oil ratios 
from 2,000 to 20,000 scf/bbl stock tank oil was meas- 
ured. The data were used to calculate the depletion per- 
formance of the field systems at their respective reser- 
voir temperatures and of the synthetic systems at various 
temperatures. The results of the performance calcula- 
tions were used to prepare correlations of total stock 
tank oil and separator gas in-place, and the amount of 
each recovered by primary depletion. Data needed to 
use the correlations are initial gas-oil ratio, initial tank 
oil gravity, reservoir temperature and reservoir pres- 
sure. 


The correlations presented should be useful for esti- 
mating recovery from reservoirs producing volatile 
oils or rich gas condensates having gas-oil ratios from 
about 2,000 to 30,000 scf/bbl of stock tank oil. 


PNT LON 


Prediction of depletion performance for gas-conden- 
sate reservoirs usually requires extensive laboratory 
work or lengthy phase-behavior calculations. For many 
small gas-condensate bearing zones the expense of such 
work is often not justified. Furthermore, where large 
holdings are involved, it is useful to have estimates of 
future oil and gas production in advance of the results 
of a laboratory analysis, even if such work is ultimately 
planned. For these reasons, it would be of value to 
have a method for rapidly estimating the depletion 
performance of gas-condensate reservoirs from _ the 
type of field data usually available. Few data on the 
reservoir depletion performance are available for the 
purpose of developing correlations. The increasing 
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number of gas-condensate discoveries and the advent of 
high-speed computers have stimulated the development 
of methods for predicting performance. Such calcu- 
lated performance data have been shown to be reliable’* 
and are becoming accepted as a basis for reserve esti- 
mates and for engineering studies. It therefore seems 
satisfactory to use results of performance predictions 
themselves for the purpose of developing the desired 
correlations. 

Such an approach is described in this paper. Several 
rich natural gas-condensate systems (gas-oil ratios of 
from about 3,600 to 60,000 scf/bbl) and one natural 
volatile oil system were studied (2,363 scf/bbl). In 
addition, to provide a more systematic basis for corre- 
lating purposes, a series of related, synthetic reservoir 
fluid mixtures was also studied (GOR’s from about 
2,000 to 25,000 scf/bbl). 

The purpose of this paper is to show how the re- 
covery of oil and gas by primary depletion may be 
estimated from surface gas-oil ratio, reservoir tempera- 
ture and pressure, and tank oil gravity. 


PRO CE 


EXPERIMENTS 

Companion samples of gas and oil were collected 
from the high pressure separators in nine different 
fields at the time of their discovery. These samples 
were each recombined in accordance with the respec- 
tive producing GOR to reproduce the reservoir fluids. 
Eight of these fluids, designated F-2 through F-9, were 
rich gas-condensate systems at the respective reser- 


TABLE 1—SYNTHETIC SYSTEMS 


Nominal Separator Mol. Fraction 


Gas-Oil Ratio Separator Oil 
System scf/bbl in System 
$-1 2,000 -39875 
3,500 -27482 
S-3 4,000 -24886 
S-4 5,000 .20951 
$-5 7,500 
S-6 15,000 -08297 
$-7 20,000 -06351 
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voir conditions. The ninth, F-1, was found to be a 
volatile oil. 


Equilibrium flash tests (constant system composi- 
tion) were made on each of these systems at the 
reported reservoir temperature. Saturation pressure was 
observed and total system volume and liquid phase 
volume were measured as functions of pressure. 


Companion gas and oil samples collected from an- 
other field were also recombined to prepare a family 
of seven related mixtures. These synthetic systems, 
designated S-1 through S-7, were characterized as 
shown in Table 1. 


Equilibrium flash tests were made on each of the sys- 
tems at 163°F and 200°F. The lower GOR systems were 
tested at several other temperatures to obtain data on 
both sides of their respective critical temperatures. 


The separator gas samples were analyzed on a mass 
spectrometer. The separator oil samples were analyzed 
by conventional low temperature distillation through 
pentanes, and by true boiling point fractionation of 
hydrocarbon cuts up to 450°F nBP. 


CALCULATIONS 


All depletion performance calculations were made 
on a basis of 1 bbl of reservoir hydrocarbon pore 
space (HCPS). The initial pressure was taken to be 
the saturation pressure of the particular fluid, and the 
recombined wellstream was considered to represent the 
total hydrocarbon fluid in the reservoir. (Since many 
gas-condensate wellstream fluids are saturated at reser- 
voir discovery pressure, it is possible for a non-flowing 
equilibrium liquid phase to be present in the reservoir. 
This possibility is ignored in depleton performance 
calculations however, because it is not presently pos- 
sible to ascertain the amount of such liquid which 
might be present.) 


The depletion performance calculations were made 
using techniques described elsewhere*. Equilibrium 
vaporization ratios (K values) needed for the depletion 
performance calculation were chosen by a trial process 
of matching flash calculations with the particular fluid 


to the experimental flash data for that fluid (volume 
per cent liquid vs pressure). For volatile oil F-1, av- 
erage two-phase flow characteristics measured on 
several cores from the actual producing formation were 
used. An average of several South Texas Frio sand 
relative permeability curves was used for depletion 
calculations on System S-1, which was also a volatile 
oil at the assumed reservoir temperature. 

Depletion calculations were made for the field Sys- 
tems F-1 and F-3 through F-9 at the respective reser- 
voir temperatures. (Since the F-2 separator oil was not 
sufficiently fractionated, performance calculations for 
that system were not included in this work). Primary 
separation pressure in these cases ranged from 400 
to 1,000 psia and were the actual field conditions. 
(Separation conditions affect ultimate oil and gas 
recovery and total oil and gas in-place. However, 
separator conditions also affect initial gas-oil ratio. 
It was felt that these effects would compensate each 
other to a large extent and therefore not significantly 
influence a correlation of recovery vs initial GOR.) 
Depletion calculations were made for the synthetic 
mixtures S-1, S-3, S-5, S-6 and S-7 at 200°F. Calcu- 
lations for S-5 (7,500 scf/bbl) were also made at 
163°F and 230°F. For the synthetic systems, primary, 
intermediate and stock tank separation pressure were 
taken to be 300, 75, and 14.7 psia, respectively. A 
separation temperature of 70°F was chosen for all 
stages. K values for the separator flash calculations 
were obtained from the basic correlation* by choosing 
appropriate convergence pressures without fitting to 
experimental data. 

The quantities of tank oil and separator gas initially 
in-place were calculated by flashing to separator condi- 
tions the amount of original reservoir fluid contained 
in 1 bbl of hydrocarbon pore space. 


CORRELATIONS 


The results of the depletion performance calculations 
were correlated by regression analysis. The correla- 
tion variables were limited to those usually available 
from field completion tests on a new well, viz. initial 


TABLE 2—COMPOSITIONS OF FLUIDS STUDIED 


Synthetic Systems 


Field Systems Separator Separator Density, Mol. 
Component F-3 F-4 F-5 F-6 F-7 F-8 F-9 Gas Oil gm/cc Wt. 
Mol Fractions 
Nitrogen 0.167 .0115 -01265 -00421 -00318 .00908 .00768 -00690 -00406 .0207 .0009 
Methane 6051 6799 72685 74975 .87733 -90950 .81595 .88649 -96049 .8503 .1309 
Carbon Diexide -0218 0144 .02210 -01574 .00336 .00165 -00251 .00557 .00527 .0193 .0058 
Ethane .0752 -0778 .05580 -06339 -03596 -02669 -07357 -04048 .01068 .0684 .0746 
Propane 0474 0403 -02377 -03189 -01796 .01167 .03763 .01776 .00503 .0246 .0906 
Iso-Butane 0138 | -01486 .01588 -00521 .00266 .00484 .00504 -00142 -0030 -0367 
n-Butane 0274 ai} .01812 .01360 .00775 ,00451 -01514 -00646 .00150 -0085 .0814 
iso-Pentane 0046} .01092 .01107 .00331 .00186 -00460 .00281 -00068 .0019 -0493 
n-Pentane -9251 .00961 .00607 .00243 00232 -00612 .00270 -00080 .0018 .0597 
150°F n.B.P. cut 0199 -0181 .01530 -01350 .00606 .00384 .01116 .00568 .00097 .0011 .0900 .6793 89 
200°F n.B.P. cut .0245 -0989***  .01602 -01035 .00519 .00477 -00600 .00426 -00105 .0003 .0703 7175 98 
250°F n.B.P. cut .0241 .00671 .00728 .00388 -00264 -00373 .00247 .00090 .0001 .0436 7396 110 
300°F n.B.P. cut 0169 .00763 -00532 .00269 -00200 -00329 .00283 -00118 .0302 7535 121 
350°F n.B.P. cut 0142 .01145 -00501 .00302 .00216 -00329 -00188 .00099 .0504 131 
400°F n.B.P. cut 0102 .01019 -00593 .00390 .00242 .00499** .00101 -00046 -0503 7742 144 
450°F n.B.P. cut .0531* .04 203 .00640 .00542 -00230 .00766* .00452* -0811 .7852 165 
475°F plus cut .02599 .03461 201335 .00993 .0542 .8133 216 


*425°F plus cut 
**375°F plus cut 
***C7 plus cut 
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producing GOR, reservoir temperature and pressure 
and stock-tank oil gravity. 
A correlating equation of the general form, 

y =a + aF(X,) + aF(X2) + + 
was fitted to the tank oil recovered and gas in-place 
data. Various forms of the terms F(X) were tried, in- 
cluding use of the independent variables singly and in 
combination. The final forms chosen were those which 
gave the lowest standard deviation for y and which 
gave coefficients having the highest level of signifi- 
cance as determined by the ¢ test. 


RESULTS AND DISCUSSION 


The compositions of the natural reservoir fluids 
studied are shown in Table 2. The analyses of the 
separator oil and gas used to form the various syn- 
thetic systems are also shown. 


PHASE BEHAVIOR 

Typical results of the experimental PVT measure- 
ments are shown in Figs. 1, 2 and 3. These figures 
show the equilibrium flash curves of various systems 
and illustrate the basis for classifying reservoir fluids 
as oils or gas condensates. Among the field systems 
in Fig. 1 the shift from volatile oil to gas-condensate 
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occurs between system GOR’s of 2,400 and 3,600 
scf/bbl, where reservoir temperature level is about 
250°F. Among the synthetic systems in Fig: 2¢2this 
shift occurs between GOR’s of 3,500 and 4,000 at a 
temperature of 163°F. Fig. 3 shows that a temperature 
variation from about 100°F to 200°F can itself influ- 
ence the state of the reservoir fluid as much as the 
GOR changes noted above. Hence, in the range of 
producing GOR from about 3,000-5,000 scf/bbl, the 
reservoir fluid may exist as a volatile oil or a gas- 
condensate, depending upon reservoir temperature. A 
laboratory examination of the wellstream fluid at reser- 
voir conditions is required to classify reservoirs pro- 
ducing in this range of gas-oil ratio. 


DEPLETION PERFORMANCE 


The oil recovery performance calculated for the 
synthetic systems is shown in Fig. 4. The curves are 
typical of those calculated for the field systems. The 
performance of mixture S-1 (2,000 GOR), a volatile 
oil, is not qualitatively different from that of the higher 
GOR systems which are gas-condensates. The perform- 
ance characteristics change gradually through the tran- 
sition range; thus it is not possible to distinguish a 
volatile oil from a rich gas-condensate on the basis of 
surface production performance alone. One reason for 
the similarity in observed surface production perform- 
ance of the two types is that much of the oil recovery 
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TABLE 3—SUMMARY OF RESULTS OF DEPLETION PERFORMANCE CALCULATIONS 


Initial Conditions 


ppeacter Reservele Raservots Stock Tank Stock Tank Separator Stock Tank Oil Separator Gas 
emp. ressure* Oil Gravity il Gas (N of % of 
System STO F psia ° API bbI/bbl HCPS _scf/bbl HCPS scf/bbl HCPS 

200 3283 63.3 4250 909 09914 23.3 817 89.9 
$-3 4180 200 -3803 899 ‘07649 20.1 861 94.5 
=i a re 4022 63.0 .2807 1173 0645 23.0 1085 92.3 
5844 269 .2408 1200 (0460 19.1 1120 93.2 
5590 55.0 .2095 1224 0497 2317 1141 93.1 
$5 7635 200 4525 62.5 .1890 1443 03788 20.0 1310 90.8 
=e GS 4550 62.5 1738 1327 04390 25.3 1212 91.3 
= 230 4530 62.5 1626 1242 30.8 = 
6160 50.5 0942 1440 .0372 39.5 1330 92.4 
3.7 20886 200 5020 61.8 09435 1461 03603 38.2 1327 90.8 
= 5118 61.4 07157 1495 03245 45.3 1354 90.4 
= 8 = 6435 50.6 0699 1631 .0251 35.9 1503 92.0 
F-8 27480 2 3497 65.7 .0483 1209 .0263 54.4 1067 88.3 
re 21 6130 54.4 .0571 1569 .0261 45.7 1440 91.6 
- 59900 250 7550 42.7. 02906 1741 0133 45.8 1610 92.5 


*Saturation pressure of the fluid. 


from a volatile oil system is obtained by condensation 
of liquid from the reservoir gas phase as it is produced 
to the surface. 

The data from all of the depletion performance 
calculations are summarized in Table 3. The initial 
stock tank oil and primary separator gas in-place and 
the total stock tank oil recoverable by primary deple- 
tion to 500 psia are shown plotted vs initial GOR 
in Fig. 5S. The oil in-place data form a smooth curve 
regardless of reservoir temperature and oil gravity. 
This curve agrees closely with a similar one shown 
by Curtis and Brinkley’. Hence, it is concluded that oil 
in-place may be correlated as a function of initial gas- 
oil ratio only. 

The oil recovery data points shown in the lower 
part of Fig. 5 are not so simply related to GOR 
although the main trend is similar to that for oil in- 
place. Qualitatively one would expect those factors 
which promote increasing concentration of normally 
liquid hydrocarbon components in the reservoir vapor 
phase, to affect the oil recovery favorably. Thus higher 
reservoir temperature and lower oil molecular weight 
(higher gravity) should result in more oil recovered 
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at a given initial gas-oil ratio. Such trends may be seen 
in Table 3. 

The separator gas in-place data in Fig. 5 show a fair 
degree of correlation with initial GOR only. However, 
it is expected that gas in-place will deviate from such 
a simple relationship at higher GOR’s where a reversal 
is known to occur in the relation between GOR and 
saturation pressure, Calculated values of separator gas 
recovered varied from 88 to 95 per cent of gas in 
place. In view of this relatively narrow range of varia- 
tion, an average recovery of 92 per cent of gas in-place 
represents the data adequately. 


CORRELATION OF PERFORMANCE DATA 


Calculated ultimate oil recovery by depletion from 
the saturation pressure to 500 psia was correlated by 
the equation: 


N, = — .061743 + = 


+ 000121847 + .0010114 (°API). 
Attempts to include pressure in the correlation showed 
such a term to have no significance for these data. 
Perhaps for leaner systems (GOR above 30,000 scf/ 
bbl) a pressure term would influence the correlation 
more significantly. The equation above fits the data 
points with a standard deviation of the percentage 
errors of 11.3 per cent. 

The separator gas in-place at the saturation pressure 
was correlated by the equation: 


R, 


0.2 3 
G = 2229.4 + 148.43 


100 T 


(CANADY se 20350) 
This equation fitted the data points with a standard 
deviation of the percentage errors of 3.8 per cent. 


UsE OF CORRELATION 


To expedite their use, the correlating equations were 
converted to nomographic form. The oil recovery cor- 
relation is shown in Fig. 6 and the separator gas 
in-place correlation in Fig. 7. The original reservoir 
pressure should be used in the nomograph, in the 
absence of any knowledge about dew point or bubble 
point of the initial wellstream fluid. In such a case, a 
check calculation may be made to indicate whether 
original reservoir pressure is substantially above the 
saturation pressure of the original fluid in-place. Divide 
the separator gas in-place by the initial gas-oil ratio to 
obtain the most probable value of stock tank oil inti- 
ally in-place. If this value is substantially larger than 
that shown by the oil in-place curve, Fig. 5, it is an 
indication that reservoir pressure is above the fluid 
dew point pressure. This test is not conclusive however; 
it may only indicate correlation error. 
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If substantial compression above the dew point is 
indicated, a revised value of oil recovered should be 
calculated by multiplying the nomograph value by the 
ratio of the in-place oil values, e.g., 


G (nomograph) 
oil in-place (Fig. 5) 


N,(tevised) = N,(nomograph) 


Use of these correlations should be restricted to 
fluids having gas-oil ratios in the range of the data 
from which they were developed; namely, 2,000 to 
30,000 GOR. This restriction is necessary because the 
terms in the correlating equations are ones which arbi- 
trarily fit this particular set of data and they do not 
describe the fundamental physical processes involved. 
The danger in extrapolation is particularly great at 
higher GOR’s because of the reversal in the trend of 
saturation pressure with GOR. 
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CON 


1. A laboratory examination of a fluid at reservoir 
conditions is usually needed to classify the state of the 
reservoir fluid when the surface GOR is in the range~ 
of about 3,000 to 5,000 scf/bbl stock tank oil. 

For highly volatile oils and rich gas-condensates 
(about 2,000 to 30,000 scf/bbl). 

2. Total tank oil in-place at the saturation pressure 
can be correlated with initial GOR. 

3. Cumulative oil recovered from the saturation 
pressure to an abandonment pressure of 500 psi can be 
correlated with initial GOR, initial tank oil gravity 
and reservoir temperature. 

4. Total separator gas in-place can be correlated 
with these same variables plus saturation pressure. 

5. Depletion from the saturation presssure to 500 
psi will recover an average of 92 per cent of total 
separator gas in-place. 
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NOMEN CLAT URE 


°API = stock tank oil gravity initial 
G = total primary separator gas in-place ini- 


tially, scf 


N, = cumulative stock tank oil production 
from P,,, to 500 psia, bbl stock tank 


oil/bbl HCPS 


P,, = saturation pressure (dew point or bubble 


point), psia 


R, = initial separator gas-oil ratio, scf/bbl 
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stock tank oil 
T = reservoir temperature, 
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A Numerical Solution of the Linear Displacement 
Equation with Capillary Pressure 


Cc. R. McEWEN 
JUNIOR MEMBER AIME 


DN UCT LON 


The displacement equations of Buckley and Lever- 
ett! have been successfully applied to the prediction of 
oil recovery in frontal drives for a number of years. 
Commonly, the capillary pressure term is omitted from 
Leverett’s? fractional flow formula. The resulting satura- 
tion-vs-distance curves become multi-valued, however. 
Buckley and Leverett, recognizing that the neglect of 
capillarity was most likely the cause, proposed that this 
part of the solution be ignored. 

An ingenious method of propagating a discontinuity 
in place of the multi-valued portion of the curve was 
devised by Cardwell’ using “non-capillary displacement 
theory”. However, it would seem that a complete de- 
scription of the displacement process would require the 
inclusion of capillary forces. 

Three publications on displacement theory have ap- 
peared in which capillary pressure was included. Ter- 
williger, ef al‘, calculated saturation profiles which 
matched those which they observed when gas displaced 
water vertically downward. Based on their study, Jones- 
Parra and Calhoun’ proposed a method of computing 
saturation distributions sufficiently removed in time 
from the initial conditions so that all saturations in the 
flood front region were assumed to move with the 
same velocity. This latter assumption corresponds to the 
tangent construction on the flowing fraction-vs-satura- 
tion curve proposed by Welge.” 

A numerical solution to the problem of water dis- 
placing oil from a water-wet porous medium was re- 
cently presented by Blair, et al’. The initial conditions 
included a uniform saturation slightly above interstitial 
water saturation, that is, the permeability to water ahead 
of the front was not zero. This appeared to result in 
a region of slowly rising water saturation ahead of the 
front, at least for the particular set of relative per- 
meability and capillary pressure data used to illustrate 
the computation. The authors also postulated an “end- 
effect” at the outflow face of the system, whereby no 
water could pass out of the system until the water 
saturation had built up to a high value. The saturation 
profiles computed under these assumptions show water 
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accumulating at the downstream end of the system 
while the flood front proper is still traveling toward the 
outlet. 

The purpose of this paper is to present the results 
of a numerical solution to the one-dimensional water- 
flooding equation in which no outlet end-effect is con- 
sidered and where there is no flow of water ahead of 
the flood front. 

It should be noted that the contemporary paper of 
Fayers and Sheldon® deals with the problem under dis- 
cussion. For a thorough treatment including both capil- 
larity and gravity the reader is referred to their paper. 


MATHEMATICAL DESCRIPTION OF PROBLEM 


Basic EQUATIONS 

Buckley and Leverett presented the displacement 
equation which results from applying the equation of 
continuity to the one-dimensional flow of two incom- 
pressible fluids. 


vite 


The flowing fraction, f, is defined as 


We shall simplify by letting S = S,,, and 
Or 
= 
34? 8° that Eq. 1 becomes 


af 


Leverett has given an expression for f which takes into 
account the effects of both gravity and capillary pres- 
sure. Capillary pressure is defined as P, = P, — P,,, 
and it is assumed that Darcy’s law applies to both flow- 
ing phases. Leverett’s equation, with the gravity term 
omitted, becomes 


kA oP 
: 


The non-capillary flowing fraction, F, is given as an 
indirect function of saturation by 


1 
ate 
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The parameters affecting the capillary term may be 
grouped into a single coefficient, 


d Eq. 3 
Grits an q. 3 becomes 
oP 
| ( Ox ), (4) 


We resort to a numerical solution because f is a 
rather complicated empirical function of saturation, as 
well as a function of distance. If at some given time 
the saturation is known at every point along the por- 
ous body, then it is possible to evaluate f, and its 
gradient, df/dx. To do this we must assume that both 
relative permeabilities and capillary pressures are 
known functions of saturation. Eq. 2 then gives us the 
rate at which saturation is changing at each point in 
the system. 

We may approximate the saturation at every point 
after a time interval, Ar, by first assuming that the rate 
of change was constant and equal to the initial rate. 
Using this approximate saturation distribution for the 
new time, we can obtain the corresponding (but ap- 
proximate) f-values. As before, a rate of saturation 
change can be estimated from Eq. 2. This rate of 
change for the new time can be averaged with that for 
the previous time, and the resulting average rate for 
the time interval can be used to make a second guess 
at the new saturations. Thus, we have the basis for 
an iteration. 

We stop iterating and proceed to the next time step 
when our iterating no longer produces significantly dif- 
ferent saturation values. The saturations thus com- 
puted will be close to the “true” saturations if our 
points in time and space are not too widely separated. 
A partial check on the error of the method can be 
made by comparing two independently computed values 
for the amount of water injected: 


(1) (sas 
Oo 


(2) 
Finite-difference analogs of Eqs. 2 and 4 which 
were used to accomplish the process just described are 
as follows, where i represents space points, j, time 


(subtract any water present at 
the start) 


points. 
Predicting from time zero, 
V, At 
h H= . 
where TAX 


Predicting at other times, 
Correcting, 


General formula for f 


2 AX 

It can be seen that this scheme employs five space 
points to evaluate a single saturation change. A three- 
point technique could be employed, but mid-interval 
values of saturation or saturation-dependent parameters 
would have to be established by interpolation. 

Special asymmetrical analogs of Eq. 2 are needed 
at the inlet. 

Predicting: 
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Correcting: 


BOUNDARY COND IT 


At the inlet face of the core the flowing fraction was 
held at unity, corresponding to no oil flow into the core. 
The core was considered to extend indefinitely from 
the inlet face, so that no outlet boundary condition 
needed to be established. The downstream (unflooded) 
portion of the system was held at interstitial water 
saturation, and f had the value zero. 


At the start of the computation all points were made 
to be at interstitial water saturation. 


ID) AU IP IL) 1B, 1D 


The capillary pressure data to be used in a water- 
flood calculation should be obtained for increasing 
water saturation. Such measurements are not often 
made, but are known to differ from the more conven- 
tional data taken for decreasing water saturation. The 
capillary pressure and relative permeability data were 
taken at increasing water saturation, although not on 
the same core. It is felt that they are representative of 
preferentially water-wet cores. The capillary pressure 
data approach an equilibrium or static condition, since 
several days were allowed for a saturation change to 
come about after dropping the pressure each step. 

Both capillary pressure and relative permeability were 
represented in the computer as functions of Z, the 
water saturation normalized so that its value ranged 
from 0 to 1 between interstitial water and residual oil, 
= (OS = (7/93 = 035083). 

Capillary pressure values were interpolated linearly 
from Table 1. Relative permeabilities were represented 
as the following functions: k,, = (1 — Z)*™; and Ky. 
= 0.78 Z*”. The constants were obtained by plotting 
the measured values against Z on log-log paper and 
fitting with a straight line by eye. 

Capillary pressure and relative permeability curves 
are shown in Figs. 1 and 2. 


An oil-water viscosity ratio of 5:1 was used in ob- 
taining the results presented here. 


The factor G of Eq. 4 determines the relative im- 
portance of capillarity. Three values of G were investi- 
gated. Each value of G can represent various combina- 
tions of permeability, porosity, oil viscosity and rate 
of fluid injection. Thus each solution represents a num- 


TABLE 1—CAPILLARY PRESSURE DATA 
Po 
Capillary pressure 
Normalized water saturation (atm 
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ber of cases (but only for a viscosity ratio of 5:1). 
Sample values of these parameters which would satisfy 
the values of G studied are as follows. 


Linear 
Case Permeability Porosity Oil viscosity flow rate 
No. G - (md) (per cent) __(ep) (ft/day) 
! 90.703 10 25 5 VW 
iT 22.676 10 25 5 1 
Wt 5 669 10 25 5 4 


The actual rate of frontal advance is higher than the 
nominal rate shown, depending on the amount of oil 
displaced. 


RESULTS AND DISCUSSION 


Fig. 3 shows saturation distributions computed for 
all three cases for the same amount of water injected 
(V,0 = 0.494 cm). The non-capillary distribution is 
also shown. The effect of lowered flooding rate is to 
spread the front over a greater distance. As the rate 
increases the computed distributions move toward the 
non-capillary distribution. 

Fig. 4 shows the development of Case II. Profiles are 
given for every 200 seconds up to 1,000 seconds and 
then for 2,000; 3,000 and 4,600 seconds. Non-capillary 
distributions are also given for comparison at 2,000 and 
4,600 seconds. The trend toward closer agreement be- 
tween capillary and non-capillary distributions with 
longer flooding path is apparent. 

In Fig. 4 a flood front distribution is shown which 
was obtained by the stabilized zone method of Jones- 
Parra and Calhoun. The front is not intended to rep- 
resent any particular stage of flooding, but is placed 
near the final distribution of Case II for purposes of 
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comparison of shapes. Good agreement is noted, ex- 
cept as the “cut-off” saturation is neared. The stabilized 
zone technique becomes unbounded in this region. 

Fig. 5 compares the f-S and F-S curves for 
Case II. In the flood front region, the f curve tends 
toward the straight line suggested by Welge, while it 
moves toward the non-capillary value at longer times 
in the flooded region. It will be observed that the points 
tend to scatter in the flood front region. The saturation 
distributions are not perfectly smooth either, though 
the irregularities cannot be seen on the small scale axes 
shown here. These irregularities have two causes: (1) 
the relative “coarseness” of the finite-difference net- 
work in the flood front region, and (2) the discontinu- 
ous nature of the capillary pressure function employed. 
Smooth results have been obtained with this method 
when more gradually varying relative permeability 
curves and a smooth (analytic) capillary pressure func- 
tion were employed. 

Following are listed the size of the space and time 
steps and the “error” in the integration scheme as meas- 
ured by the discrepancy between the pore volumes of 
water injected and the area under the saturation-dis- 
tance curve at the end of the run. The sum of all the 
time steps taken is 6. 


AX At Vv76 Error 
Case (cm) (sec) (cm) (per cent) 
1 0.1 10 0.4939 0.089 
ii 0.1 5 1.6229 0.00027 
Wl 0.1 10 1.9051 0.00015 


With respect to agreement of these results with satur- 
ation distributions observed during water flooding it 
can be said that they are qualitatively the same as 
many measured in this laboratory. No attempt has been 
made to simulate a particular real system in this set of 
computations. The difficulties of measuring saturation 
with sufficiently high resolution to confirm these com- 
putations are shown in the results of Bail and Mars- 
den’, and the results of not selecting a homogeneous 
core are evident in the work of Levine”. Perkins” pre- 
sents some saturation distributions measured during the 
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flooding of kerosene from sand of 3 darcies per- 
meability, though it is not certain that gravity effects 
were absent. It is interesting to note the confirmation 
of the scaling factor concept of Rapoport and Leas”, 
and Kyte and Rapoport” in the behavior of this hypo- 
thetical core. Observing the progress of the flood in Fig. 
4, one coud imagine a virtual outlet end of the core 
at the leading edge of the front, and each profile would 
represent a breakthrough condition. The oil recovery 
so calculated and plotted in Fig. 6 against the scaling 
factor, LVj.w, shows the same trend as the experimen- 
tal data of the above authors. The non-capillary recov- 
ery is approached at higher values of the scaling fac- 
tor. 

Thus, although the saturation distributions computed 
using capillary pressure data agree qualitatively with 
the previously-cited published data, a quantitative ex- 
perimental test of the theory has not been made. 

It should be pointed out that there are at least two 
major limitations to the results which are computed in 
this way with respect to the simulation of displacement 
in a real porous medium. One stems from the assump- 
tion that the equilibrium capillary pressure curve can 
be applied to a dynamic system. This is probably true 
at low rates, but becomes questionable at high rates. 
A second shortcoming arises from the assumption of a 
perfectly homogeneous conducting medium, i.e., a por- 
ous medium without pores. For example, at highly un- 
favorable viscosity ratios the existence of small in- 
homogeneities appears to govern the behavior, i.e., 
“viscous fingering’ predominates. 


COMPU LING MACHINE NOTES 


This problem was originally coded for the IBM 650. 
However, it was found that it could be run more eco- 
nomically on the IBM 704 and was recoded. The runs 
reported here consumed between 10 and 60 minutes 
of computer time. 


US LON S 


1. A numerical solution to the displacement equa- 
tion has been obtained which includes the effect of 
capillary pressure. The method assumes zero water per- 
meability ahead of the front and does not postulate an 
outlet end-effect. 
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2. At high rates, the computed behavior approaches 
that predicted by the Buckley-Leverett method, neglect- 
ing capillarity. 


F = non-capillary flowing fraction 
f = capillary flowing fraction 
i = space index 
j = time index 
P, = oil pressure 
P,. = water pressure 
dr = total volumetric flow rate, cm® sec’ 
qd. = Oil flow rate, cm* sec” 
dw = Water flow rate, cm’ sec” 
V, = linear flow rate, Vr = qr/¢A, cm sec” 
V = linear flow rate, = 60 dV> cm min” 
x = distance, cm 
9 = time, cumulative, sec 
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A Comparison of Theoretical Pressure Build-Up Curves 
with Field Curves Obtained from Bottom-Hole 
Shut-In Tests 


SIDNEY C, PITZER 
JOHN D. RICE 
CLIFFORD E. THOMAS* 
JUNIOR MEMBERS AIME 


ABSTRACT 


Interpretation of pressure build-up data obtained in 
the conventional manner has often been difficult because 
of the deviation from theoretical behavior. Major causes 
of this deviation have been attributed to damage and 
afterflow, and to fluid redistribution in the wellbore 
which, in extreme cases, can result in a pressure hump 
in the early portion of the build-up curve. 

Theoretical investigations show that bottom-hole pres- 
sure is definitely influenced by phase redistribution in 
the tubing column during surface shut-in tests, and 
that the magnitude of the effect is sensitive to the pro- 
ducing gas-oil ratio and stabilized rate of flow in the 
well. 


For field experiments a wire-line tubing packer, 
which can be run in the tubing against a stabilized 
flow rate, was developed for bottom-hole shut-in tests. 
By use of this bottom-hole shut-in method, pressure 
humps previously observed in surface shut-in tests were 
completely eliminated and the effects of afterflow min- 
imized. 

Analog and digital computer studies have been made 
to obtain theoretical curves for comparison with field 
curves, and remarkable agreement between the results 


of bottom-hole shut-in tests and theoretical curves has 
been obtained. 


TENT RO 


Pressure build-up data from shut-in wells have been 
used by the petroleum industry to determine the per- 
meability of the formation, to estimate wellbore dam- 
age, to evaluate the static reservoir pressure and to 
speculate reservoir volume. Calculation of these factors 
is based on methods of analysis developed for theo- 
retical systems whose build-up curves have a charac- 
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teristic shape when the wells are shut-in at the sand 
face.*****”° However, field curves obtained by conven- 
tional surface shut-in methods do not always exhibit 
this characteristic. Such factors as stratification, rock 
heterogeneities and irregular reservoir geometry can 
cause the character of a build-up curve to deviate from 
that predicted by theory for a simple system. In addi- 
tion, all field build-up data are affected by the methods 
utilized in obtaining the measurements. 

Conventional surface shut-in techniques allow two 
effects to occur which contribute directly to the man- 
ner in which pressure builds up at the sand face. The 
first, afterflow, has been recognized for some time and 
methods are available for estimating the magnitude of 
its effect and for correcting its influence.’ The second, 
phase segregation in the tubing column after shut-in, 
has been reported only recently and appears to exert 
a considerable influence on the character of field 
build-up curves.” In extreme cases, phase segregation 
can produce “pressure humps” in the early portion of 
the build-up curve. Such curves have been considered 
anomalous and have defied analysis. 

It is the purpose of this paper to discuss the effect 
of phase segregation in the tubing string during build-up 
and to present a bottom-hole shut-in technique for 
obtaining field build-up data which minimizes the 
influence of afterflow and eliminates phase segregation 
effects. 

It will be shown that reliable reservoir information 
can be calculated from build-up measurements ob- 
tained using this method, even though conventional 


surface shut-in tests on the same wells yield anomalous 
data. 


DISCUSSION OF PHASE REDISTRIBUTION 
EPEBCIS 


Some of the effects of phase redistribution on pres- 
sure build-up curves have been described previously 
by Matthews and Stegemeier’, who have presented evi- 
dence that phase segregation is responsible for the pres- 


1References given at end of paper. 
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sure hump on many build-up curves. Undoubtedly 
phase redistribution occurs in most surface shut-in tests, 
but the conditions under which a hump may occur are 
not completely understood. In order to better under- 
Stand these effects, the pressure rise resulting from fluid 
redistribution after shut-in has been analyzed theoret- 
ically using a medium-sized digital computer, 

In this study the energy content of gas and oil in a 
given length of tubing was computed for various flow 
rates and producing gas-oil ratios.* By assuming the 
tubing string to be shut-in at the surface and at forma- 
tion depth, the pressure change associated with the 
phase redistribution of the gas*and oil contained in the 
tubing was calculated. It was readily seen that in many 
cases the pressure rise at the bottom of the tubing 
string, resulting from fluid segregation, was of suffi- 
cient magnitude to materially affect the build-up curve. 
The degree of pressure rise from phase segregation 
was found to be sensitive to the rate of production and 
to the producing gas-oil ratio of the well. At low ratios 
the effects of fluid segregation are apparently most sig- 
nificant. As the producing gas-oil ratio increases, the 
flow of fluid in the tubing approaches that of a gaseous 
system, and segregation effects are minimized. At very 
iow rates and high GOR, however, the effects of liquid 
hang-up, or slippage, become very important. Indica- 
tions are that fluid slippage in the tubing greatly in- 
creases the effects of phase redistribution. 

Fig. 1 is a field example of the effects that changing 
wellbore and flowing conditions can have on the char- 
acter of a build-up curve. This Gulf Coast well, which 
has been a prolific producer, is 8,300-ft deep, contains 
a production packer, and has 20 ft of oil sand perfor- 
ated through the casing with 80 shots. Permeability of 
the formation is in excess of 200 md. In Sept., 1950, 
two build-up tests were made in this well after stabili- 
zation at the rates of 426 and 256 B/D. Ratio of the 
well at the time was 570 cu ft/bbl. Both tests showed 
a marked influence by phase segregation, with the lesser 
rate showing the least influence. 

In May, 1951, an additional test was made after sta- 
bilizing at a rate of 300 B/D, and the influence of 
phase segregation was found to be diminished. At that 
time the GOR had risen to 1,350 cu ft/bbl. In April, 
1958, additional pressure build-up tests at 250 B/D 
were performed which were not so obviously affected 
by phase segregation. The GOR of the well at this 
time was 2,500 cu ft/bbl. These results are qualitatively 
consistent with those found in the phase redistribution 
study. 

It appears that pressure build-up data obtained from 
wells with damage and production packers are more 
subject to the influence of phase segregation. In the case 
of a damaged wellbore, the pressure rise at the bottom 
of the tubing created by fluid segregation cannot be 
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transferred readily to the producing formation. As a 
result the influence of phase segregation becomes more 
significant on the bottom-hole pressure measurements. 
Without a packer in the well, the volume and total 
compressibility of the wellbore is greatly increased and 
the pressure rise associated with fluid segregation in the 
tubing is more readily absorbed. At the same time, how- 
ever, afterflow of fluids from the formation into the 
wellbore is maximized. Either one or a combination of 
these effects may produce a misleading build-up curve. 
It seems reasonable to conjecture that phase redistribu- 
tion effects are more pronounced in deeper wells since 
larger volumes and longer times are involved in the 
segregation of the fluids. With these many complica- 
tions it is doubtful that an adequate calculatory proce- 
dure can be developed to correct for the combined 
wellbore effects. 


BOTTOM-HOLE SHUT-IN TOOL 


To eliminate fluid segregation effects and to mini- 
mize afterflow, a tool has been developed to shut a 
well in at formation depth. This tool, known as the 
collar lock pressure gauge plug, was designed and con- 
structed to be run in the tubing against the stabilized 
flow of the producing well by means of a wire line. In 
this manner production of the well is not interrupted 
until the desired time of shut-in at the bottom of the 
tubing string. Field experiments have verified the appli- 
cability of the tool with flow rates as great as 225 B/D. 

Tools are lubricated into the tubing string and re- 
trieved in the conventional manner using a 24-ft lubri- 
cator and the usual wire-line tools. Except for running 
and setting the tool against a stabilized flow, wire-line 
operations are similar to those used with other chokes 
and plugs. Pressure gauges may be attached directly 
to the plug by means of a shock absorber, and field 
tests have shown that gauges run in this manner are not 
subjected to excessive shock. 


EX PE REM EN 


The collar lock pressure gauge plug just described 
has been used in several wells to obtain bottom-hole 
shut-in build-up curves for comparison with data from 
conventional surface shut-in tests and from theoretical 
investigations. The wells chosen for this experimental 
work were equipped with production packers which 
were checked for packer leaks prior to each test. In 
addition, observation of casing pressure during the 
tests indicated that the packers were not leaking, and 
eliminated the possibility that annular fluids above the 
packer exerted any influence upon the pressure meas- 
urements. The presence of packers in these wells also 
enabled the bottom-hole shut-in to more closely ap- 
proximate shut-in at the sand face. 

To obtain a valid comparison between a surface shut- 
in test and a bottom-hole shut-in test in the same well, 
individual wells were stabilized for equal time inter- 
vals and at equal production rates prior to both tests. 
The same pressure elements and bombs were used for 
both tests in each well. In the surface shut-in tests tan- 
dem bombs were run where possible — one containing 
a six-hour clock to increase resolution in the early por- 
tion of the build-up and the other, a 72-hour clock, 
for recording pressures at later times. Bottom-hole shut- 
in pressure measurements also were obtained using two 
bombs; the bomb containing the 72-hour clock was run 
on a tubing hanger and set in the first collar above the 
tubing stop, while the bomb containing the six-hour 
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TABLE 1 
South Texas Well South Texas Well West Texas Well 
No. No No 
Depth of producing 
formation 4531 ft 4265 ft 2600 ft 
Well spacing 40 acres 40 acres 20 acres 


Net sand thickness 
Perforated interval 
Original reservoir 


7 ft 9 ft 28 ft 
4526-4536 ft 4260-4264 ft 2592-2612 ft 


pressure 2023 psia 1,869 psia 1,350 psia 
Core Analysis 
Average hydrocarbon 

porosity 17% WATE 12% 
Average permeability 

to air 153 md 130 md 44 md 
Bo at avg. pressure 

during build-up 27 1.23 
By at avg. pressure 

during build-up .00151 .00158 —- 


fo at avg. pressure 
during build-up 0.33 cp 0.32 cp 0.72 cp 
Rs at avg. pressure 
during build-up 
Compressibility of 
reservoir fluids 
Bottom-hole 
temperature 156°F 169°F 83°F 
Producing GOR at 


550 ft®/bbl 410 600 ft®/bbl 


9.35 X 10-5 psi2?7.7 X 10-5 psi-?_ 9.15 X 10-6 psi-* 


stabilized rate 6,000 ft8/bbl 800 ft®/bbl 630 ft?/bbl 
Stabilized rate of 

production 17.6 B/D 35 B/D 74 B/D 
Time of stabilization 5 days 5 days 5 days 
Depth of bottom-hole 

shut-in 4337 ft 4031 ft 2400 ft 
Depth of production 

packer 4461 ft 4175 ft 2503 ft 
Cumulative Production 

Figures 
Oil 19,675 bbl 32,465 bbl 2,000 bb! 
Gas 16,214 Mcf 33,121 Mcf —— 
Water 0 0 0 


clock was attached to the plug. After setting the lower 
bomb on the hanger, the plug with the other bomb at- 
tached was run and set in the second collar above the 
tubing stop. 

Pertinent data concerning the wells analyzed are pre- 
sented in Table 1. 


METHODSSOF ANALYSES 


The methods of analysis used in this paper are well 
known and are those presented by Miller, Dyes and 
Hutchinson’, and by Perrine’. To establish, however, 
that these standard methods of analysis, based on shut- 
ting-in at the sand face, can be satisfactorily used even 
though damage and afterflow are present, electrical 
analog and digital computer approaches were used to 
create theoretical curves for detailed comparison with 
the field curves obtained from the bottom-hole shut-in 
tests. 


ANALYSIS OF BUILD-UP FROM SOUTH 
TEXAS WELL No. 1 


The results of both the bottom-hole shut-in and sur- 
face shut-in tests made on this well are shown gra- 
phically in Fig. 2. These curves show vividly the dif- 
ference between a surface shut-in where afterflow and 
phase segregation are active and a bottom-hole shut- 
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in where the producing formation has been isolated 
from the tubing column. 

The surface shut-in curve shows that afterflow was 
predominant to 60 minutes and that humping occurred 
after approximately 1.5 hours. It is apparent that this 
curve is not amenable to analysis using standard meth- 
ods. On. the other hand, the curve obtained from the 
bottom-hole shut-in shows no hump and a minimum of 
afterflow. In order to compare this bottom-hole shut- 
in curve with a theoretical curve, the methods pre- 
viously outlined were applied to obtain the pertinent 
reservoir parameters. Since the producing gas-oil ra- 
tio of this well was considerably above solution ratio, 
it was apparent that two-phase flow was occurring 
within the reservoir; consequently, the equations deal- 
ing with multiphase flow were utilized and gave the 
following values’: m = 9.3 psi/cycle; g, = 168 reser- 
voir B/D; and A, = 420 md/cp. 

These calculated values along with porosity, sand 
thickness and estimates of the effective drainage radius 
and fluid compressibility were sufficient to characterize 
an ideal system, and enabled a theoretical build-up 
curve to be obtained from both the digital and analog 
approaches, A reasonable value for the drainage radius 
was considered to be 660 ft. Best results were obtained 
by computing the reservoir fluid compressibility under 
the assumption that no gas went into solution during 
the time of build-up and by weighting the oil and gas 
compressibilities according to an estimate of the frac- 
tional portion of the hydrocarbon pore volume occu- 
pied by each phase. 

Fig. 3 shows the field bottom-hole shut-in curve along 
with theoretical curves based on the constants just 
listed. The curve obtained by the digital approach with 
the assumption that no afterflow or damage was pres- 
ent showed deviation during the early portion of the 
build-up but essentially agreed throughout the remain- 
der of the curve, including the straight-line portion. By 
introduction of damage and afterflow, the curve was 
essentially duplicated throughout. That damage was 
present in this well was confirmed by calculating the 
productivity ratio as defined by Perrine which gave a 
value of 0.20. The amount of afterflow which was in- 
troduced totaled 0.60 bbl of reservoir fluid and ap- 
peared reasonable to account for compression of the 
fluids which were present beneath the production packer 
in the casing and beneath the pressure gauge plug in 
the tubing during the bottom-hole shut-in test. 

The excellent agreement between theoretical curves 
and the bottom-hole shut-in curve confirmed the belief 
that data from bottom-hole shut-in tests would yield 
reliable reservoir information using standard methods 
of analysis, even though surface shut-in data influenced 
by afterflow and phase segregation appeared anomal- 
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Fic, 4—BotTToM-HOLE SHUT-IN AND SURFACE 
SHUT-IN Pressure Buitp-up Curves or WEST 
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ous and impossible to analyze. Lending validity to this 
conclusion was the fact that the stabilized pressure 
computed by the Miller, Dyes and Hutchinson method 
was 1,827 psi, which was in excellent agreement with 
the stabilized pressure of the theoretical systems and 
the final pressure obtained from the bottom-hole shut- 
in test. 


ANALYSIS OF BUILD-UP FROM WEST 
TExas WELL No. 1 


The West Texas well analyzed in this study is pro- 
ducing from a recently discovered reservoir, the limits 
of which have not been defined. Although there are 
other wells in this reservoir, they were shut-in and did 
not limit the effective drainage radius of the well dur- 
ing the periods of stabilization and build-up. 

Results of surface and bottom-hole shut-in tests made 
on this well are shown in Fig. 4. Once again the ef- 
fects of afterflow and phase segregation are apparent in 
the surface shut-in build-up curve. The effects of phase 
redistribution in this test were not sufficient to produce 
an obvious hump, but instead appeared only as a distor- 
tion in the curve obscuring the straight-line portion 
needed for a conventional analysis. 


The bubble point of this reservoir fluid is 1,060 psia 
at the reservoir temperature of 83°F and is undersat- 
urated by 200 psi with respect to the average reservoir 
pressure. Consequently, very little free gas was flowing 
during stabilization of this well, and the equations for 
single-phase flow were used in analyzing the bottom- 
hole shut-in curve. The results of this analysis are: 
m = 19.5 psi/cycle; K, = 19.5 md; and productivity 


K, 
ratio K. 

Fig. 5 shows the bottom-hole shut-in curve compared 
with theoretical curves obtained from the digital and 
analog approaches using the parameters listed pre- 
viously. It was found that a drainage radius of at least 
3,000 ft was necessary in order to duplicate the full 
72-hour curve obtained in the field. When damage and 
afterflow were introduced in the analog, excellent agree- 
ment between the theoretical and bottom-hole shut-in 
curves was obtained. 


CON 


Phase redistribution definitely affects most surface 
shut-in build-up curves. In many cases this effect, along 
with afterflow and damage, produce misleading results. 

By means of the bottom-hole shut-in techniques de- 
scribed in this paper, phase redistribution is virtually 
eliminated and afterflow is minimized. 
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Fic. 5—BottoM-HOLE SHUT-IN AND THEORETICAL 
Pressure Curves or West Texas WELL 
No. 1 (m= 19.5 pst/cycLe). 


ER SHUT-IN ~HOURS 


Build-up curves obtained by this technique present 
the character predicted by theory, and conventional 
methods of analysis applied to these curves yield re- 
liable reservoir information. 


NOMENCLATURE ES 


m = slope of straight-line portion of build-up curve 


q. = equivalent production rate (reservoir barrels per 
day) 

Xr = total oil and gas mobility (millidarcies/centipoise) 

[to = Oil viscosity (centipoise) 
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Simplified Water Influx-Pressure Calculations 
Above the Bubble Point 


ON 


A paper by Hurst and van Ever- 
dingen in 1949 led to the practical 
solution of many nonsteady-state 
flow problems.* Subsequently, appli- 
cations of this material have been 
discussed by several authors. The 
purpose of this note is to outline a 
simplified direct procedure for water- 
influx pressure predictions for pres- 
sures above the bubble point. The 
preposed procedure is unique in that 
after the “time-conversion factor” 
and the “influx constant” are ob- 
tained, predictions are made without 
trial and error. The elimination of 
trial and error is made possible by 
expressing certain PVT characteris- 
tics as explicit functions of pressure. 
The procedure is applicable to fields 
producing at pressures above the 
bubble point and under radial water 
drive from an infinite aquifer. In the 
usual applications it is required to 
predict (1) withdrawals given future 
pressure history or (2) reservoir 
pressure, given future withdrawals or 
production. 


The theory, assumptions and con- 
ditions under which the nonsteady- 
state solutions hold are covered in 
the references and are not repeated. 
The simplified direct procedure out- 
lined here has been developed from 
published solutions for the so-called 
“pressure case”. A similar direct 
procedure for the same special con- 
ditions has been developed for the 
“rate case”; however, in this instance 
the procedure is lengthy and offers 
no advantage over the trial-and-error 
solution. Consequently, this paper 
covers only the procedure based on 
the pressure case. 


Original manuscript received in Society of 
Petroleum Engineers office March 6, 1958. 
Revised manuscript received May 11, 1959. 
Paper presented at Petroleum Conference on 
Production and Reservoir Engineering in 
Tulsa, Okla., March 20-21, 1958. 


1References given at end of paper. 
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DIS GUSSTON 


Under the pressure case predic- 
tion of withdrawals from a water- 
drive field, given the future pressure 
history, involves the use of a non- 
steady-state water-influx term to- 
gether with the material balance 
equation. The solution of a particu- 
lar problem requires the following 
steps: (1) division of past pressure 
and production data into equal time 
intervals; (2) computation of cumu- 
lative water influx vs pressure drop 
for each time interval of past 
history using the material balance 
equation; (3) determination of the 
best values for the “time-conversion 
factor” and the “influx constant” by 
equating the nonsteady-state influx 
term with the influx computed in 
Step 2 (this requires a trial-and-error 
procedure); (4) prediction of influx 
for a given pressure drop using the 
influx term and the computed factors 
from Step 3; and (5) calculation of 
fluids produced using the predicted 
influx in the material balance equa- 
tion. A forecast of the water-oil ratio 
or water production rate is required 
to complete the calculation. 


It is assumed that a reliable esti- 
mate of original oil in place is avail- 
able, as well as the production and 
pressure history, and data on reser- 
voir fluid characteristics. If the orig- 
inal oil in place is unknown, it may 
be computed simultaneously with the 
time-conversion influx factors”’. 
However, the oil in place so com- 
puted may be considerably in error’; 
consequently, it is usually preferable 
to use oil in place estimated from 
pcre-volume data unless there is con- 
siderable doubt as to its accuracy. 


THE MATERIAL BALANCE EQUATION 
ABOVE THE BUBBLE POINT 


Above the bubble point the simpli- 


CONTINENTAL ILLINOIS NATIONAL BANK & TRUST CO. 


fied material balance equation may 
be written.** 


Withdrawals = Expansion + Influx 
N,B, + W, =.N(B, — B.x)* 


The formation volume factor for 
oil produced, B,, on the left side of 
Eq. 1 may be written in terms of the 
initial oil volume factor, the reser- 
voir pressure drop, and the oil com- 
pressibility factor. For convenience 
the oil compressibility factor, c,, 
used here is defined with reference 
to the initial oil reservoir volume, 
B,;. Solving for B, from the equation 
defining c, (see Nomenclature) 

B, = + pi. 


The difference in effective forma- 
tion volume factors for the oil in 
place on the right side of Eq. l, 
(B, — B,;), must include the effects 
of interstitial water and rock com- 
pressibility within the oil pool, or 
else serious error may result.’ 
(B, — B,;) may be written in terms 
of the initia! oil volume factor, the 
reservoir pressure drop, and the com- 
bined effective compressibility factor 
for oil (see Nomenclature), as fol- 
lows 


Substituting in Eq. 1 for B, and 
(B, — B,,) as derived above, the ma- 
terial balance becomes: 
NB, ic. (Di P) W, 
NONSTEADY-STATE INFLUX 
The water influx may be computed 
from the material balance equation. 
It is also represented by van Ever- 
dingen and Hurst’s nonsteady-state 
influx term, EX ApQ,(tp).”* Use of this 
expression presumes that the pres- 


*(Bo — Boi) must include the effect of 
connate water and rock compressibility. 


PrTROLEUM TRANSACTIONS, AIME 


sure history at the inner boundary 
of the aquifer (periphery of the oil 
pool) is given. Van Everdingen and 
Hurst computed values for the 
dimensionless cumulative influx, Q,, 
per unit thickness caused by unit 
pressure drop at the inner boundary 
of an infinite aquifer for various 
dimensionless times, t). To obtain 
the actual cumulative influx in bar- 
rels, the quantity Q, must be multi- 
plied by the factor E, which équals 
1.12¢c hr's, and the actual pres- 
sure drop effective during the time 
interval involved. The result is 
added to a series of similar terms to 
cover the total period. 


Thus for a constant pressure drop, 
the cumulative influx to time, f, cor- 
responding to dimensionless time ft, 
isa 

1.12 $c, hr's- — Qo (to) 

= Ap Oo(to) 
(3) 

If Ae pressure at ae inner bound- 
ary of the aquifer varies, but can be 
expressed as a series of pressure 
plateaus, the cumulative influx may 
be found by “superposition”. The 
total influx is the sum of a number 
of individual flux, each computed 
from Eq. 3. Incremental pressure 
change is used in place of p; — p, 
and Q, must be for t, corresponding 
to the actual elapsed time, ¢, over 
which the incremental pressure 
change is effective. On Fig. 1, this is 
symbolized by summarizing the area 
above the curve using horizontal 
strips. If the influx is to be com- 
puted for more than one time, the 
use of equal time intervals will 
greatly shorten the work. 

To illustrate the method of super- 
position, the cumulative influx at end 
of time interval 3 in Fig. 1 is found 
as follows: 

= E { (p; Q,(3At,) 

P2) Q(2Atp) — Ps) 
Q,(1Aty) 

Q,[3Atp] means Q, for dimension- 

less time, tp, equal to 3 - Atp, i.e., tp 

for t = three time intervals. 

The short form for the cumulative 
influx summation through 7 time 
intervals is 


Assuming that the pressure drop 
during any time interval is very 
mearly a straight line, the average 
pressure, Px during time interval 7 is 
the average of the pressure at the 
start of the interval, p,., and that at 
the end of the interval, p,, or: 
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PRESSURE 


at 


TIME INTERVALS 
Fic. 1 — SupERPOSITION—THE PRESSURE 
Case (Pressure Given) CumuLarive In- 


FLUX ESApQ, By AREA 
ABOVE CURVE. 


Daa 
(5) 
The average pressure drop from 
one time interval, n — 1, to the next, 
n, is simply the difference between 
the average pressures during those 
intervals, i.e., 


The pressure drop may be nega- 


tive if pressure has increased from 
the preceding interval. 


WITHDRAWALS PREDICTION 
At time n — 1, the material bal- 
ance equation may be written 
Woaa = 
NB, Co(D; Pn) 
| 
+ ES ApQ, 
oO 
(7) 
At the next step, n, the correspond- 
ing equation is 


p) + ES ApOs 
(8) 


Since 
AW, = Gu At; AN, = q.At; 
and gq» = q. X WOR, 
AN, = q.At = [NB,.c.(p. — Pp) + 
EX — (Nz + Wy) 
—[B, + WOR] 
Eq. 9 is the prediction equation 
for determining oil producing rate 
in the special case under consider- 
ation. 


PRESSURE PREDICTION 

The summation in the influx term 
at the next time interval, n, may be 
broken into two parts. 


= (5 ApQp)’ ar AD, Qn (Aty) 


(10) 
“The last is simply the 
last term in the superposition series, 
ie., the pressure drop effective for 
only one time interval times the Q, 
corresponding to At,. The other term 
on the right hand side is the entire 
summation except for the last term; 
if we are predicting one time interval 
into the future, then all data are 
known for the computation of this 
term. 


Making these substitutions in Eq. 
2 and solving for p, we get: 
Pp Dna = 
— E(2ApQ>)’ + 
IN- Bile, = INV AG, == WA 1B 
if future be given, 
future reservoir pressure may be pre- 
dicted with Eq. 11. 


APPLICATION TO PREDICT 
PRODUCTION 


COMPUTE INFLUX VS PRESSURE 
DROP FROM PAST HISTORY 


1. Plot a graph of pressure vs 
time. Divide the time scale into 
equal intervals, usually 3, 6, or 12 
months, and draw the average pres- 
sure for each time interval as done 
on Fig. 1. 

2. Solve for the cumulative water 
influx at end each time interval from 
the material balance, Eq. 2. This 
may be done with columnar head- 
ings im worksheet form. 


DETERMINE THE TIME-CONVERSION 
AND THE INFLUX FACTORS 

1. Calculate an approximate At, 
corresponding to the time interval, 
At, and round the answer off to the 
nearest 10. Use the formula below 
and available or estimated data. 


3 ke 


2. Compute ft, at end of each time 
interval, n; (to), =n X At. 


3. Look up Q, corresponding to 
t) at end each interval, using the 
tables for OQ» vs ty for an infinite 
aquifer in Refs. 1 or 5. 


. 
4. Find SApQ, at end each time 


interval by superposition. 
5. Compute E, the influx constant, 
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for the data at the end of each time 
interval. 

ApQ> 

W,,, iS the cumulative influx at the 
end of time imterval nm computed 
from past data using the material 
balance. (E = 1.12 ¢ c,hr,’s if W, is 
in barrels; however, experience has 
shown that E so computed from this 
formula is not sufficiently accurate. 
The same comment applies to t, 
computed from the formula alone.) 


6. If E computed for the various 
intervals is not constant, as it should 
be, select a different value for At, 
and repeat Steps 2 through 5. In the 
selection of a different Atp, it is sug- 
gested that the previous value be 
halved each time (or doubled; how- 
ever, experience shows that the 
best value for At, is seldom greater 
than that computed by the formula). 


7. Select the best value for At, 
i.e., the one giving the most constant 
values for E. This can be done by 


plotting W.., vs SApQ, for each set 


of data and taking the slope, E, from 
the best line. Another way is to 
compute the standard deviation for 
each set of data.’ 


FORECAST PRODUCTION, GIVEN 
FUTURE PRESSURE HISTORY 


This is done using Eq. 9 in work- 
sheet form and the best values for 
the time conversion and influx fac- 
tors from Step 7 above. 


NOMEN CLA T U RES 


a = subscript denoting 
aquifer 

combined effective 
compressibility for 
oil, including the 
effect of rock and 
connate water (Ref. 


Ce 


Cy 


vol/oil vol/psi 
C, = combined compressi- 
bility for water in 
aquifer, including 
the effect of rock 
compressibility : 
pore vol/psi 
E = encroachment (influx) 
constant, see text 
i = subscript denoting ini- 
tial 
n = integer or subscript 
denoting a time in- 
terval 
change in p from one 
time interval to the 
next, psia 


p = average pressure dur- 
ing time interval, 
psia 


Pn = pressure at end time 
*See AIME Symbols List in Trans. AIME 
(1956) 207, 368, for other symbol definitions. 


Where not otherwise defined, practical 
units are used, i.e., darcies, centipoises, feet, 
barrels, days and pounds per square inch. 


**Ror convenience, co, the oil compressibil- 
ity factor used here is defined with ref- 
erence to the initial volume, Boi, as follows:* 


Bo Boi ~~ ob — Boi 


Boilpi — p] —Boilpi — pol 


w 


ur 


interval n (the sub- 
script may be 
omitted) psia 

or 

Q,(tp) = dimensionless influx 
for dimensionless 
time tp (see text) 


r, = radius of the oil field, 
ft 


through which in- 
flux is effective 
time since start of pro- 
duction, days 
At = time interval, days 
t, = dimensionless time 
corresponding to 
(see text) 
At, = dimensionless time 
corresponding to At 
(see text) 
WOR = water/oil ratio: ¢./q. 
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Equilibrium Calculations on the Kelly-Snyder Reservoir 
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This paper presents equilibrium ratios measured on 
oil and gas samples taken from the Kelly-Snyder field 
at the reservoir temperature of 128°F. From these 
data smoothed curves were constructed for the reservoir 
fluid up to the bubble-point, 1,874 psia. A material 
balance calculation, based on the use of equilibrium 
ratios instead of the usual solubility and shrinkage meas- 
urements is made on the field and compared to the con- 
ventional method. 


DETERMINATION OF EQUILIBRIUM RATIOS 


The equilibrium ratios, or K values were obtained 
vy recombining separator samples of oil and gas taken 
when the reservoir was above its bubble point, and thus 
represented the reservoir fluid before any change had 
occurred due to the evolution of gas. The well sampled 
had a gas-oil ratio of 617 cu ft of high pressure sep- 
alator gas per barrel of separator oil, and a bottom-hole 
temperature of 128°F. 

Samples were brought to equilibrium by agitating for 
24 hours in a thermostat, maintained at the proper 
temperature within 0.2°F, mercury being added when 
necessary to maintain the pressure constant. Samples 
of oil and gas were then taken by constant pressure 
displacement, and analyzed by low temperature frac- 
tionation. 

Equilibrium ratios were determined at 128°F and 
500, 800, 1,000 and 1,400 psig. At the latter pressure, 
there were indications that the gas samples were con- 
taminated with small quantities of oil, and only data 
taken at the first three pressures were included in Fig. 
1. This figure has been extended to higher and lower 
pressures by the use of the Fluor charts for 3,000 psi 
convergence pressure, on which the experimental points 
fit well. 


MATERIAL BALANCE EQUATIONS 


The possible errors involved in conventional material 
balance equations have been analyzed by Muskat'’. 


Original manuscript received in Society of Petroleum Engineers 
office March, 1957. Revised manuscript received March 16, 1959. 
Paper presented at Permian Basin Oil Recovery Conference in Mid- 
land, Tex., April 18-19, 1957. 

*Now employed by H. J. Gruy and Associates, Dallas, Tex. 

**Now independent oil operator in Corpus Christi, Tex. 
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Where the errors occur in field measurements, or in ob- 
taining effective averages from variables such as gas-oil 
ratio and pressure, they will evidently be involved in 
any attempt to estimate the content of the reservoir. On 
the other hand, substantial errors may be introduced in 
conventional material balance calculations by: (1) the 
neglect of the amount of oil dissolved in gas at high 
pressures and temperatures in the reservoir, but which 
condenses under separator conditions; (2) the assump- 
tion that the separation of oil and gas in the reservoir 
may be duplicated by a differential liberation in the 
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EQUILIBRIUM RATIOS FOR KELLEY 
RESERVOIR OILS 


PRESSURE, psia 


Fic. 1. 
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son 


laboratory; and (3) the neglect of the change in com- 
position of gas as depletion takes place in the reservoir, 
with its substantial effect on solubility, shrinkage and 
compressibility curves. None of these errors enter into 
the calculations based on the material balance method 
presented here, which was described by one of the 
authors’ in 1950. 

The two material balance methods were applied to 
the limits of the Kelly-Snyder field as these limits are 
carried on the records of the Texas Railroad Commis- 
sion. Although the field boundaries, as defined by the 
Commission are not precisely those defined by per- 
meability barriers which have become evident from 
recent pressure surveys, the error involved is small 
enough to neglect. The pressure, oil and water pro- 
duction, water injection and gas-oil ratio are shown 
in Fig. 2. The intervals taken as pressure steps are 
shown in Table 1. 

In obtaining data for applying the Schilthuis method, 
the bubble-point pressures measured or calculated on 
fluids from 34 wells by the U. S. Bureau of Mines’ 
were averaged to give 1,874 psia. Reservoir data, in- 
cluding gas-oil ratio, saturation pressure, oil gravity, 
temperature and pressure all varied with position on 
structure, and average values at a datum of — 4, 300 ft 
were chosen. The solubility, shrinkage and gas volume 
factor curves were taken also from the Bureau of Mines 
report. The balance was run starting at the bubble 
point, as recorded in the report for the —4, 300 ft 
datum. The results of the calculations are plotted in 
Fig. 3. The value of the initial oil-in-place, expressed 
as stock tank barrels averages 2.531 X 10°. If we dis- 
regard the first two points, as is frequently done, the 
average content of the reservoir by this method is indi- 
cated by 2.165 x 10° STB. This value is shown in the 
horizontal straight line in Fig. 3. 

The material balance method using equilibrium ratios 
is based on the same field data as the Schilthius balance. 
The initial composition of the reservoir fluid, and that 
of the produced fluids were taken from Bureau of 
Mines’ data. As the reservoir pressure range over which 
the balance was made was small, it was assumed that 
the separator gas and oil were of constant composition, 
and any changes in the well fluid were reflected in the 
variation in the gas-oil ratio. Volumetric data, pseudo- 
critical temperatures and pressures, compressibility fac- 
tors and densities were obtained from standard tables 
of properties published by the NGAA*. 

The method employed as applied to a solution gas 
drive reservoir, involves the following steps. 

1. Assume a value V for the initial hydrocarbon- 
filled pore space. 

2. From the composition and volume per mole of 


PRESSURE 


CUMULATIVE WATER INJECTION Million Barrels 


nN 


OIL RATE 


GAS-OIL RATIO 


fo) 
fe] 


OIL PRODUCTION RATE, Million Bbis/Month 
a 
GAS-OIL RATIO, Cu Ft./BbI 
T 


(VU 
1950. 195! 1952 1953 95 


1946 1948 

Fic. 2—Pressure, Or. anp WATER Propuction, WATER INJEC- 
TION AND GAs-o1L RATIO FOR KELLY-SNYDER FIELD. 


TABLE 1—FIELD DATA ON KELLY-SNYDER RESERVOIR 


Gas Prod 
in interval 
Interval Oil Ay. Interval Mcf Cum. Water 
Pressure Production bbl GOR at 60°F Injection 
Step _Interval-Psia 60°F, 14.7 psi Cu ft/bb| +14.7 psia bbl-Cum. 
1 3315-1771 60,420,882 896 57,591 0 
2) 1771-1713 11,958,055 934 11,169 0 
3 1713-1662 13,319,949 971 12,934 0 
4 1662-1570 20,008,786 1023 20,469 0 
5 1570-1561 11,864,454 1045 12,398 0 
6 1561-1576 10,118,453 1051 10,634 18,909,009 
7 1576-1604 10,460,896 1039 10,869 39,056,000 


the reservoir fluid, calculate the number of moles pres- 
ent in the reservoir for the assumed value of V, and 
the known initial temperature and pressure. 

3. For the first pressure point below the initial value, 
calculate the cumulative number of moles of each con- 
stituent produced, and substract these from the assumed 
initial content. 


4. By means of equilibrium ratios, calculate the 
volumes and compositions of the gas and oil phases 
remaining in the reservoir, at the first pressure point, 
and at reservoir temperature. 


5. If the sum of the gasend oil volumes as calcu- 
lated is higher than the assumed original reservoir 
volume, the assumed volume is too high and a lower 
volume should be tried, until a match is obtained 
between the assumed and calculated original reservoir 
volume. 


6. The method is applied at convenient reservoir 
pressures at which production data are available. At 
each pressure, an independent estimate of reservoir 
volume is obtained. The average of the volumes should 
represent a reliable value, and may be calculated in 
terms of stock tank oil by the application of appropriate 
volume factors. Better accuracy is attained if each step 
includes the cumulative production from initial condi- 
tions to each pressure. 

If water is rajected into the reservoir, as at Kelly- 
Snyder, or is suspected as entering from contiguous 
formations, the known or trial volumes are added to 
the calculated reservoir volume before matching the 
assumed volume. In other words, the calculated volume 
plus the cumulative water intrusion must equal the 
assumed original volume for any pressure step. This 
allows the method to be used in steady-state water drive 
reservoirs, On equating the influx to a volume equal to 
a constant times the time available for flow, multiplied 
by the average difference between the pressure during 
the interval and the initial reservoir pressure. A cor- 
responding calculation, using water influx estimated by 
unsteady-state methods may be employed if desired. 


rrels 


| INITIAL OIL VOLUME = 2,165,000,000 BBLS. 


OIL INITIALLY IN PLACE, Billion Bo 
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DISCUSSION OF RESULTS 


When carried out on a desk calculator, the computa- 
tions outlined above are quite laborious. They can, 
however, be made on an electronic computer in a few 
hours, once the data are organized for proper entry 
into the machine. On the IBM 650 computer used in 
this work, the equilibrium ratios, molecular weights 
and volumes and the compositions of the original reser- 
voir fluid and the separator gas and oil were fed into 
the machine in the form of cards. The compositions of 
flashed fluids, and their volumes per mole were calcu- 
lated automatically by the computer. Assumed and cal- 
culated volumes could be matched closely after only 
two or three trial calculations. 

Several approximations were made in the application 
of the data. The equilibrium ratios were determined 
at 128°F, which was the reservoir temperature at the 
well sampled. However, the best average temperature 
is 132°. Since the correction between these tempera- 
tures is hardly readable on the NGAA charts, this 
difference was neglected. It was further assumed that 
all gas and oil produced was of the same composition, 
and corresponded to that reported by the Bureau of 
Mines at a separator pressure of 43 psig and 79°F. 
No values of the partial volume of nitrogen dissolved 
in hydrocarbons are available, and it was assumed that 
the data for dissolved methane apply. The very small 
carbon dioxide content was added to the fraction of 
ethane for volumetric calculations. 

The results of the above calculations are shown in 
Fig. 4. It is seen that the average hydrocarbon-filled 
reservoir space is 1.854 billion bbl. Expressed in stock 
tank oil the initial reservoir content is 1.190 billion 
bbl. It is seen that the variation in the values is sub- 
stantially less than the variation in the results of the 
Schilthuis balance. 

Aside from errors inherent in either method, several 
major uncertainties enter into any method applied to 
Kelly-Snyder. Among these are: 

1. Variation in separator practice. Separation tech- 
nique has varied from three-stage, with high pressure 
stage operating at 600 psi to two-stage, with highest 
pressure near atmospheric. 

2. Possibility of a natural water drive, which is not 
considered in either of the methods presented here. 

3. Possibility of migration of oil across the some- 
what arbitrary boundaries assigned to the Kelly-Snyder 
reservoir. 

4. Possibility of unequal contribution of oil from 
different depths in the reservoir. This is especially im- 
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portant because of the great thickness of the producing 
section, with many wells penetrating only the upper 
part of it. 


CON CULUSTON'S 


The results of two material balance methods are 
presented, more for the purpose of showing compara- 
tive values than to obtain accurate data on the reservoir. 
It is hoped that this paper will stimulate the taking of 
better analytical data on hydrocarbons produced from 
reservoirs, so that more reliable estimates may be made 
on future reservoirs. 
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ABSTRACT 


The concept of fractional wettability is examined. 
Fractional water wettability of a reservoir rock is de- 
fined as the fraction of the internal surface area that is 
in contact with water. Capillary pressure and relative 
permeability of unconsolidated sand are shown to be 
functions of fractional wettability. 


The petroleum industry has long recognized that 
wettability of reservoir rock has an important effect on 
multiphase flow of oil, water and gas through reser- 
voirs. As early as 1928 the American Petroleum Insti- 
tute sponsored a study of wettability as part of API 
Project 27 at the U. of Michigan.’ Despite 30 years 
of research, there is still little exact knowledge of the 
wettability of reservoir rocks. 


There are two parts to the wettability problem. After 
agreeing to a uniform nomenclature in regard to wet- 
tability,? the first question to be answered is, “What is 
the in situ wettability of a given reservoir rock?” If this 
can be answered the next question is, “What part does 
wettability play in determining the characteristics of 
multiphase fluid flow through the rock?” This paper rep- 
resents an oblique attack on the problem of wettability. 
No attempt is made here to answer the basic question 
of wettability in situ. Instead the consequences of the 
concept of fractional wettability are examined. Multi- 
phase flow in sandpacks is shown to be highly influ- 
enced by fractional wettability. 


Jennings’ has given a definition of wettability and the 
other terms used in discussing wettability. These terms 
must be applied to the physical situation existing in 
reservoir rock. A survey of the pertinent literature from 
1928 to 1956 indicates that the concept of a contact 
angle was applied to reservoir rock in the same way 
it would be applied to a flat, homogeneous surface. At- 
tempts were made to state quantitatively the wettability 
of a reservoir rock in terms of a contact angle which 
was presumably constant at all points on the very rough 
and heterogeneous interior surface of a porous rock. 
Calhoun, et al,** prepared synthetic consolidated and un- 
consolidated porous media in which they claimed there 
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was a known uniform contact angle. They then showed 
the effects on the capillary pressure and relative per- 
meability characteristics of varying this angle. 


The API Project 47 at the U. of Texas’ and others® 
have made extensive studies of an indirect approach to 
the contact angle through the use of heat of wetting 
data. Even if successful, however, this approach also 
states the wettability of porous rock in terms of a con- 
tact angle which is uniform over the entire surface. If 
the angle varies from one part to another on the inter- 
nal surface, there is no way of determining from the 
measurements the area distribution of contact angles. 


In 1956 Brown and Fatt’ suggested that the concept 
of a contact angle, as applied to reservoir rock, be aban- 
doned. This suggestion was made because it is known 
that the internal surface of most reservoir rocks is com- 
posed of many different minerals, each with a different 
surface chemistry and a different capacity to adsorb sur- 
face active materials from reservoir fluids. Furthermore, 
the operation of a contact angle in determining the 
form of a fluid-fluid interface is difficult to picture in 
the very complex geometry of a pore. 


Brown and Fatt proposed that the wettability of res- 
ervoir rock be stated in terms of the fractional inter- 
nal surface area that is in contact with water or oil. All 
surfaces on which there is water are called water-wet; 
surfaces on which there is oil are called oil-wet. The 
fractional water wettability is then stated as a number 
which represents the fraction of the internal surface 
that is in contact with water. A symmetrical statement 
can be made for the fractional oil wettability. 


The concept of a fractional wettability as previously 
stated has in its favor the recognition of the hetero- 
geneous mineral composition of most reservoir rocks. 
Another point in its favor is that fractional wettability 
can be measured quantitatively with relative ease. Hol- 
brook and Bernard” use a simple dye adsorption test 
to obtain fractional wettability of reservoir rocks. 
Amott" uses a combination of imbibition and displace- 
ment to arrive at a wettability index of reservoir rocks 
which seems related to fractional wettability in the range 
0.25 to 0.75 fractional water wettability. 


Jennings” has shown the changes in relative per- 
meability that take place when a porous material is 
changed from unity to zero fractional water wettability. 
He also shows that reservoir rocks in their natural state, 
but at room temperature and atmospheric pressure, have 
relative permeability characteristics which would indi- 
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cate a fractional water wettability between zero and 
unity. 


If the hypothesis that two reservoir rocks of the same 
pore geometry can differ in their multiphase flow be- 
havior because of differences in fractional wettability 
is tentatively accepted, then the next step is to show 
quantitatively the effects of fractional wettability on 
multiphase flow. For this purpose the capillary pressure 
and k,,/k, curves were chosen. The porous media of 
known fractional wettability and identical pore geome- 
try were sandpacks composed of mixtures of water-wet 
sand and silicone-treated (oil-wet) sand. 


EXPERIMENTAL PROCEDURE 
CAPILLARY PRESSURE 


Ottawa sand was used for all capillary pressure and 
relative permeability tests. This sand is well rounded 
and highly spherical. It is almost pure silica, but the 
slightly brownish tinge indicates a trace of iron on the 
grain surfaces. 


Two close sieving cuts (Tyler mesh — 28 + 35 and 
— 65 + 100) and a mixture containing a wide grain 
size distribution (given in Table 1) were used. The 
sand which was to be the water-wet fraction was not 
treated in any way. The oil-wet grains were prepared 
by exposing the sand to organosilane vapors (General 
Electric Dri-film No. SC 77). The oil-wet grains were 
not in contact with liquid hydrocarbon until they were 
used in the capillary pressure or relative permeability 
tests. 


The water-wet and oil-wet grains were mixed in small 
batches and required gentle handling. Tests have shown 
that vigorous blending causes some of the silicone coat- 
ing to rub off of the oil-wet and on to the water-wet 
grains. The actual blending of water-wet and oil-wet 
grains was done in a small assayer’s powder splitter. 


The capillary pressure measurements were made in 
the device shown in Fig. 1. A known weight of dry sand 
was placed in the sintered glass funnel, and the entire 
funnel assembly was then placed in a dessicator which 
could be evacuated and filled with distilled water. The 
funnel assembly was then connected to the pipet by 
means of Clay-Adams hypodermic fittings and a length 
of 1/16-in. OD polyethylene tubing. A 1-in. thick layer 
of kerosene was floated on the water covering the sand. 
By lowering the pipet, water was removed from the 
surface of the sand until the mirror-like interface be- 
tween water and kerosene disappeared. This was taken 
to be the point at which the interface entered the sand. 
The water meniscus in the pipet was adjusted to zero 
and made level with the top of the sandpack as a start- 
ing point. By lowering the pipet, a capillary pressure 
was applied. When the meniscus in the pipet was sta- 
tionary, usually after 24 hours, the pipet reading and 
the distance from the meniscus to the top of the sand- 
pack were recorded. This gave the capillary pressure 
and the amount of water removed by application of 
that pressure. The procedure was continued until a 
large increase in capillary pressure gave only a small 
change in water saturation. 


The pore volume of the sandpack, and therefore its 
initial water content, was calculated from the known 
weight and bulk volume of sand and its grain density. 


At the completion of the test and with the capillary 
pressure still at maximum, the sand was removed from 
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the funnel and its water content determined by extrac- 
tion with an ASTM extractor. For almost all runs, the 
extracted water content agreed with that calculated 
from pipet reading to within a few percentage points 
of the pore volume. In all cases the differences were 


not great enough to change the form of the capillary 
pressure curve. 


The capillary pressure curves obtained by the de- 
scribed procedure are shown in Figs. 2 and 3. All curves 
represent water drainage (decreasing water saturation). 


Fic. 1—Capittary Pressure APPARATUS. SIN- 
TERED GLass FunNEL Is Pyrex No. 36060, 
ULTRA-FINE. 


= 


RELATIVE PERMEABILITY 

The k,/k, curves were obtained from a Welge-type 
calculation applied to waterflood data on the sand mix- 
ture of Table 1. 

The dry sand mixture was packed into a 1-in. ID x 
12-in. Lucite tube. Sand was added in small increments 
and tamped down before adding the next increment. 
The reproducibility of the packing was such that for 
seven packs the average pore volume was 18.9 cc with 
a standard deviation of 0.5 cc. The permeability varia- 
tion was larger. The average permeability of the five 
sandpacks used for relative permeability tests was 3.18 
darcies with a standard deviation of 0.29 darcies. 


The end plugs in the sandpack tube were pistons 
sealed with sliding “O” rings so that the pack was al- 
ways under mechanical compression. 

The dry sandpack was first flooded with CO, gas, 
evacuated, and finally flooded with deaerated distilled 
water. The CO, flooding was found necessary to assure 
complete water saturation of sandpacks containing large 
amounts of oil-wet grains. 


The difference in weight between the dry and water- 
saturated sandpack yielded the pore volume. This 
checked closely with pore volume calculated from the 
bulk volume of the pack, the sand weight, and the grain 
density. 

The water-saturated pack was flooded with 100 cp 
of white mineral oil at about 2 psi in gradient. When 
water was no longer produced after 30 to 50 pore vol- 
umes of oil throughput, the pack was water flooded at a 
constant rate of 0.809 cc/min. This was chosen because 
it gave a Rapoport-Leas index” for the pack which in- 
dicated a stable flood front. 

The exit port of the sandpack led directly to a 1-ft- 
long piece of very flexible steel hypodermic tubing 
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Fic. 3—Capittary Pressure Curves FOR SAND MIXTURE OF 

TaBLE 1. NumBERS ON Curves INDICATE FRACTION OF SAND 

TREATED WITH ORGANOSILANE. “Fines TREATED’ Curve REPRE- 

SENTS SAND Mixture IN WuicH Grains SMALLER THAN 
65 Meso Were TREATED WITH ORGANOSILANE. 


(about 22 gauge). This tubing was inserted into the 
first 2-cc test tube in a rack of 100 test tubes. As each 
test tube filled with the water-oil mixture, the hypoder- 
mic tubing was moved to the next test tube. After com- 
pleting the water flood, the test tubes were centrifuged 
to give a clear water-oil meniscus. Their water and oil 
content was determined by separately withdrawing each 
phase with a precision calibrated hypodermic syringe. 
This scheme for collecting the water-oil fractions was 
suggested by Loomis and Crowell.* 


The k,,/k, curves given in Fig. 4 were obtained from 
the waterflood data by the calculational procedure given 
by Welge,° and Loomis and Crowell.” 


DISCUSSION, OF RE 


Fig. 2 shows the effect of increasing the fractional oil 
wettability of a uniform grain-size sandpack. The in- 
crease in fractional oil wettability shifts the curve to 
lower capillary pressures but does not change its shape. 
Evidently the entering oil “sees” the same pore-size dis- 
tribution regardless of the fractional wettability. 


On the other hand Fig. 3 shows that if the sandpack 
has a wide grain-size distribution, the change from zero 
to 0.50 fractional oil wettability results in a change in 
shape of the capillary pressure curve. This indicates that 
the entering oil phase sees a different pore-size distribu- 
tion in the 0.50 fractional oil-wet pack. The physical di- 
mensions of the pores have not changed, but at a given 
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capillary pressure the oil can enter a smaller pore if the 
sand surface at the pore opening is silicone treated. The 
result is to give a lower water saturation at a given capil- 
lary pressure. The curve for 0.50 fractional oil wettabil- 
ity in Fig. 3 shows a narrower pore-size distribution than 
for the same sand at zero fractional oil wettability. 

The curve marked “Fines Treated” in Fig. 3 shows the 
capillary pressure curve for the sand mixtures of Table 
1 in which only the grains passing through the 65-Tyler- 
mesh screen are silicone treated. The other curves in 
Fig. 3 represent sand mixtures in which the given frac- 
tion of all sizes are silicone treated. Fig. 3 shows that the 
capillary pressure curve for a sandpack can be greatly 
changed if the small grains become preferentially oil- 
wet. 


From these results it is evident that care must be 
taken in interpreting capillary pressure curves in terms 
of a pore-size distribution. A nonuniform wettability 
can distort the capillary pressure curve so that it no 
longer represents the real pore-size distribution, Hol- 
brook and Bernard” show that fresh (unextracted) oil- 
field cores may vary in fractional water wettability 
from 0.06 to 1.00. A pore-size distribution calculated 
from capillary curves obtained from these cores may 
be meaningless. 

The shift in the position of the k,,/k, curves in Fig. 


4, as fractional wettability is changed, is in agreement 
with the effects of wettability reported by Jennings.” 


TABLE 1 — GRAIN SIZE DISTRIBUTION 


Tyler Mesh Size Per Cent by Weight 


— 20 + 28 11.0 
— 28 + 35 8.7 
— 35 + 48 11.0 
— 48 + 65 11.0 
— 65 + 100 12.1 
— 100 + 200 22.0 
— 200 + 325 22.0 
— 325 
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TABLE 2 — RESIDUAL OIL SATURATION AT WOR = 100 


Per Cent Per Cent 
Oil-wet Residual Oil 
Sand Saturation 
0 28 
25 35 
50 40 
45 
100 48 


The difference in position of the curves for zero and 
unity fractional oil wettability is relatively small—only 
30 per cent water saturation at k,,/k, = 1—because, 
despite the wide range of grain sizes, the pore-size dis- 
tribution of the sandpack is narrow compared to the 
pore-size distribution in reservoir sandstones.” Jennings’ 
Fig. 3 shows that the relative permeability curves for 
unity and zero fractional oil wettability are almost mir- 
ror images about a vertical line passed through 50 per 
cent on the saturation axis. For unconsolidated sands, 
the oil and water relative permeability curves usually 
cross extremely close to 50 per cent on the saturation 
axis. The mirror images of the relative permeability 
curves are then not very much different and the effect 
of wettability is small. The effects of fractional wettabil- 
ity on relative permeability should be studied in consoli- 
dated sandstones which have broad pore-size distribu- 
tions. However, at present no method is known for ob- 
taining sandstones of the same pore-size distribution but 
with different fractional wettability. 


The residual oil saturations at a water-oil ratio of 
100 are given in Table 2. These saturations represent 
the approximate asymptotes to which the curves ap- 
proach as they go to very high k,,/k, values. 


CON CEU 


1. Capillary pressure characteristics of a sandpack 
are influenced by the fractional wettability. In a uni- 
form grain-size sandpack the capillary pressure curve 
is lowered by an increase in fractional oil wettability. 
However, the shape of the curve remains the same. 
In a sandpack of nonuniform grain size the shape of 
the capillary pressure curve is changed by changes 
in fractional wettability. A pore-size distribution cal- 
culated from such curve may not represent the true dis- 
tribution. 


2. The relative permeability characteristics of a sand- 
pack, as represented by the k,,/k, curve, change con- 
tinuously as the fractional oil wettability is changed. 
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Fatt and Klikoff object to using “contact angle” to 
describe the wettability of porous media. Their objec- 
tions are twofold: 


1. Using a single contact angle implies a homoge- 
neous solid surface having uniform wetting character. 
This they consider to be unlikely in reservoir rock. 


2. It is difficult to visualize the actual physical ar- 
rangement of fluids inside pore space in terms of a sin- 
gle contact angle. 


They suggest that contact angles be abandoned and 
propose instead “the fractional wettability concept”. 
According to this view, certain regions of the internal 
solid surface of a given rock are always covered by 
oil, while the remaining regions are always covered by 
water. The area covered by water is called “water-wet”. 
The area covered by oil is called “oil-wet”. There are, 
then, two kinds of surfaces which are intermingled 
randomly throughout the rock. The fraction of the 
total surface area covered by water or oil is used as 
a measure of rock wettability. 


Several recent papers have had this “fractional wet- 
tability concept” as an underlying premise. Because of 
its implications, it is the opinion of the present writer 
that while it may sometimes be expedient to think in 
terms of “fractional wettability”, the concept is basic- 
ally incorrect and could lead to confusion. 


The purpose of this discussion is to point out the 
incorrect aspects of the fractional wettability concept, 
and to comment on a different view of reservoir wet- 
ting. 


The most crucial (though perhaps tacit) presump- 
tion of fractional wettability is that the fraction of 
the rock surface area in contact with water (or oil) re- 
mains the same regardless of the relative amounts of 
water and oil in the rock. This presumption has an 
important further implication, as follows. The water- 
wet kind of surface is preferentially wet by water to 
such a great degree that water “spreads” on it spon- 
taneously to the exclusion of oil, regardless of the rel- 
ative amounts of water and oil present; similarly the 
oil-wet kind of surface is preferentially wet by oil to 
such a high degree that oil spontaneously spreads on 
it to the exclusion of water, regardless of the relative 
amounts of water and oil present. This spreading, by 
oil on the one hand and water on the other, can hap- 
pen only under one particular set of conditions. 
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These conditions can best be described in terms of 
the surface free-energies. Water will spread on the 
water-wet spots only if yo. < Yos,— Ywe, and oil will 
spread on the oil-wet spots only if you S Yws, — 
Yor, (Here the y refers to the interfacial free-ener- 
gies per unit area, and the subscripts O, W, s;, and S» 
refer to oil, water, water-wet solid, and oil-wet solid, 
respectively. ) 


Thus, the fractional surface coverage by oil and 
water will remain the same at all values of satura- 
tion only when these two energy relationships are ful- 
filled simultaneously at the oil-wet and water-wet spots, 
respectively, in the rock. Accordingly, fractional wet- 
tability as used by Fatt and Klikoff applies only to 
systems in which these energy relationships hold simul- 
taneously. 


These energy relationships mean that if a contact 
angle could be measured with water and oil on a sur- 
face of the same kind as the spots called oil-wet, the 
contact angle would be 180° (through the water 
phase). If a contact angle could be measured with 
water and oil on a surface of the same kind as the spots 
called water-wet, it would be O° (through the water 
phase). Data bearing on this point are available in the 
literature. Contact angle measurements with reservoir 
fluids on surfaces which were known to be strongly 
water-wet, when in contact with water and oil free from 
surface-active substances have shown a number of ex- 
amples of non-zero contact angle when contacted with 
reservoir fluids.” These surfaces were “as water-wet” 
initially as can be obtained with mineral surfaces. (Ac- 
tually, contact angles even greater than 90° through the 
water phase have been measured with such systems.) 
Similarly, bituminous or other surfaces thought of as 
hydrophobic do not necessarily lead to a 180° contact 
angle. 


Such contact angle measurements (and other pub- 
lished data® on the interaction of crude oils with rocks) 
have led the present writer to the conclusion that ex- 
treme surfaces which would result in complete oil 
spreading on some regions of core surfaces and at the 
same time complete water spreading on others, regard- 
less of the relative amounts of water and oil present, 
do not exist in most natural systems. Since such simul- 
taneous complete spreading is seen above to be impli- 
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citly assumed for fractional wettability, the fractional 
wettability concept cannot be validly applied to reser- 
voir systems. 


The words “contact angle” have been used in the 
above discussion. This may appear to go against the 
authors’ view that contact angle has little or no mean- 
ing (or utility) in porous media. However, in the 
present context, contact angle measurements are used, 
not to describe actual configurations inside the rock, 
but instead to measure the difference between the free- 
energies (expressed as yo. cos @) of oil-solid and 
water-solid interfaces such as are found in reservoirs. 
It can be readily agreed that a single uniform contact 
angle does not rigorously describe the relationship be- 
tween saturation and fluid configuration in reservoir 
systems, because reservoir rock surfaces are undoub- 
tedly heterogeneous to some degree. However, the use 
of a single contact angle to describe wettability in an 
“average” way may actually be more acceptable than 
the simultaneous use of two extreme uniform contact 
angles such as inherent in the fractional wettability 
concept. 


It is, of course, true that for particular values of oil 
and water saturation there is a fractional coverage (or 
wetting) of the surface area by oil or water, even when 
a uniform contact angle is assumed for the entire sys- 
tem. Consider a system of water, oil and a homoge- 
neous, porous solid. Suppose the surface energies are 
such that they can be described by a single uniform 
contact angle. If this contact angle is zero degrees 
(measured through the water), the solid surface is 
completely covered by water at all saturations. On the 
other hand, if the contact angle is 180°, all of the solid 
surface is covered by oil at all saturations. However, if 
the contact angle is neither 0 nor 180° but has any 
given value between these limits, part of the solid sur- 
face will be in contact with water and part will be in 


AUTHORS’ REPLY 


Leach presents some valid criticisms of the details of 
the fractional wettability concept. However, his criti- 
cism does not shake our belief that the system we start 
with, a mixture of preferentially water-wet and oil-wet 
grains, is closer in surface properties to a reservoir rock 
than are those systems in which there has been an at- 
tempt to prepare a uniform intermediate contact angle. 
In the absence of any direct knowledge concerning the 
surface properties of reservoir systems, we must obtain 
our model system by inference from the known miner- 
alogy of reservoir rock and the chemistry of crude oil. 
It is our opinion that these known properties point to 
a system in which the surface area is composed of re- 
gions of different preferential wettability. 


Leach may be correct in stating that the fractional 
area covered by oil and water in our sandpacks will 
change with saturation. If this happens, then we must 
include saturation in the term that expresses fractional 
wettability. The fractional wettability of one of our 
sandpacks would then no longer be simply the frac- 
tional amount of oil-wet and water-wet material in 
the starting mixture. 


It was our objective to point out that capillary pres- 
sure and relative permeability characteristics are greatly 
influenced by the fractional areas covered by oil and 
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contact with oil. This situation occurs so that the total 
of the surface and gravitational energies will be a 
minimum. 


Thus, even with uniform systems, it is possible to 
speak of a kind of fractional wettability. In such a 
uniform system it should be possible to measure the 
fractional area covered, using the various methods dis- 
cussed by Fatt and Klikoff. The important difference 
is that this fractional coverage is not constant but 
changes with saturation. The fractional areas covered 
by oil and water will change as the saturation changes 
so that the system will have a minimum total surface 
and gravitational energy. The fractional surface cover- 
age would remain constant with changing saturation 
only for systems having the extreme case of heteroge- 
neous wetting previously described. Whether or not a 
particular system has such a constant fractional wetta- 
bility could, in principle, be decided by measuring frac- 
tional wettability as a function of saturation. 


In spite of the objections raised here to “fractional 
wettability”, it is the opinion of the present writer that 
this concept may sometimes be used advantageously as 
a simplified model of actual systems. Fatt and others 
have made significant contributions along these lines 
previously and indeed in the present paper. However, 
it seems important to keep clearly in mind that frac- 
tional wettability is an artificial concept. Therefore, it 
seems unwise to directly apply conclusions based on 
work with this simplified model to reservoir systems. 
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to R. O. LEACH 


water. Our error may lie in implying that the fractional 
areas at different saturations are simply the fractional 
areas of the starting material. Let us assume that the 
sandpacks used in our relative permeability tests are 
identical except for fractional amounts of oil-wet grains 
and that relative permeability is a function only of 
saturation and wettability. Then, because the curves 
in Fig. 4 do not cross, we can say that a change in 
fraction of oil-wet and water-wet grains in the starting 
sandpack causes a change in k,,/k, at all saturations. 
Saturation may influence fractional wettability; but, if 
it does, the influence is not great enough to give the 
same k,,/k, for a given saturation when there are dif- 
ferences in fractional wettability of the starting sand- 
pack. 


We were aware that the contact angles were not 0 
and 180° (measured through the water phase) for our 
water-wet and oil-wet sand grains, respectively. In fact, 
we observed that even slight mixing of the dry sand 
causes a small amount of the silicone coating to trans- 
fer from the oil-wet to the water-wet grains. Under 
these conditions, the water-wet grains certainly do not 
have zero contact angle. The contact angle on the oil- 
wet grains was probably 100 to 105°. Angles above 
105° are not observed even on paraffin blocks.” 
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DISCUSSION 


PAUL ALBA 


Sedimentation of reservoir rocks happens in water 
and, therefore, we must think that before oil migration 
these rocks are entirely water-wet. When oil migration 
has ended, it is probable that walls of fallen oil pore 
become, in course of time, oil-wet. 


Here appears the concept of fractional wettability, 
and we conceive that it takes then all the value that the 
pertinent study of Fatt and Klikoff confers to it. But it 
is necessary to remark that it is not any part of area 
of porous media which is oil-wet. It is that of fallen oil 
pores, i.e., biggest pores. 


Then the conclusion concerning capillary pressure 
curves should be revised. Indeed, since fractional wet- 
tability is significant only after oil migration, any pro- 
cess to obtain capillary pressure curves such as dis- 
placing phase be unwetting against displaced phase will 
give a convenient curve. On the contrary, the use of 
the same fluids as those actually present in reservoir 
would give a false curve, according to results of Fatt 
and Klikoff. 


Following these ideas, we must think that it is bet- 


REGIE AUTONOME DES PETROLES 
BOUSSENS, FRANCE 


ter to obtain capillary pressure curves, to use air-water 
systems and not oil-water systems. Perhaps also, the 
mercury-vacuum system will give a correct result if 
structure of rock is solid enough to support its mechan- 
ical action (clean sand or carbonate rock, for instance). 


To finish, first I should like to come back to the 
wettability concept. It is convenient not to neglect the 
whole notion of contact angle. It is the only way we 
have to estimate fluid properties concerning wettabil- 
ity, and until the time when we shall have found an- 
other way, we shall have to be satisfied with it. Sec- 
ond, these comments implicitly suppose that fractional 
wettability is not altered by washing of reservoir rock. 
However that may be, we can think that air is always 
unwetting against water and this system allows us to 
obtain correct capillary pressure curves. Nevertheless, 
it would be better to use a rock completely water-wet 
and to displace water by oil. I suggest that to restore 
water wetting for a reservoir, put it (after washing with 
a solvent of boiling point lower than boiling point of 
water), in water vapor during some days, temperature 
being 100 to 110°C. 


AUTHORS’ REPLY TO L. L. HANDY 


Alba is certainly right in recommending that mercury 
capillary pressure be used to obtain the “correct” re- 
sults, if we are seeking only the effect of pore structure 
on capillary pressure. If, however, we are locking to 
the capillary pressure curve for information on how 
water and oil will behave in the rock in situ, then it 
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seems strange to throw away the effects of the pore 
surface. 

Alba has an interesting idea in the suggestion that 
perhaps only the large pores become oil-wet. This idea 
points out our need for a method of preparing consoli- 
dated porous materials in which we control the location 
and amount of oil-wet surface area. Sas 
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Prediction of Approximate Time of Interference 
Between Adjacent Wells 


WILLIAM F. STEVENS 
GEORGE THODOS 


The point-source function introduced by Horner’ 
as a solution to the general unsteady-state equation for 
the flow of fluids through porous media has been 
utilized to calculate pressure profiles for adjacent wells 
as a function of time. By trial and error, the time at 
which the pressure waves meet to cause interference 
can then be calculated. For this calculation, the time 
of interference is arbitrarily defined as that time when 
both pressure waves exhibit a pressure decrease of 25 
psi at the same point within the formation. To illus- 
trate the method, an example involving two adjacent 
wells producing at different rates has been worked out 
and is presented in detail. 


The initiation of production of a new well is usually 
accompanied by pressure drawdown measurements in 
order to establish the extent and characteristics of the 
formation. The interpretation of such pressure draw- 
down data is based on mathematical developments in- 
volving a single well in an infinite reservoir."” If more 
than one well is present in a reservoir, the possibility 
of interaction between wells exists. Therefore, care 
must be taken in interpreting the pressure drawdown 
data. It becomes important to be able to determine 
when this interaction, or interference, becomes sig- 
nificant. This paper presents a method for the predic- 
tion of the approximate time of interference between 
two such adjacent wells. 

The basic differential equation describing the pres- 
sure distribution existing during unsteady-state flow of 
a slightly compressible fluid has been solved by Hor- 
ner,’ for a constant production rate from a circular ho- 
mogeneous reservoir of infinite extent. The solution 
utilizes the point-source function to define the pressure 
at various points within the formation as a function of 
time. The resulting expression is: 


CopR 
= — 948 
JPA tH ( 4 kT 
(1) 


where P(R,7) = reservoir pressure at distance R and 
time T, psia 
P, = initial reservoir pressure, psia 


Original manuscript received in Society of Petroleum Engineers 
office Jan. 21, 1959. Revised manuscript received June 25, 1959. 
1References given at end of paper. 
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= production rate, STB/D 

= formation volume factor, dimension- 
less 

= fluid viscosity, cp 

= formation permeability, md 

= formation thickness, ft 

= fluid compressibility, 

= formation porosity, dimensionless 

= distance from centerline of well, ft 

= production time, hours 

Ei(— u) = Ei-function of u 


| 


Eq. 1 may be used to calculate the pressure pro- 
files generated during production from a single well 
in an infinite reservoir. 
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Fic. 1—ReLationsuip or THE Function —Ei( —uw). 
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The Ei-tunction is defined by the equation, 


- Fi(— u) = at for O0<u<o, and can be ap- 
proximated by the expression Ei( — u) Inu + 0.5772 
for values of w<0.01. Exact values of ‘this function 
are tabulated in Jahnke and Emde for the range 
0<u<15. This function is presented graphically in 


For the solution expressed in Eq. 1, Horner consid- 
e~s the well radius to be infinitely small. The error in- 
troduced by this assumption is small and may be cor- 
rected by using the P, functions of Van Everdingen 
and Hurst.” 


INTERFERENCE 


Upon initiation of production, two wells located in 
the same reservoir set up independent pressure waves 
that continuously move away from their respective 
wellbores. Until these wave fronts meet, each well op- 
erates independently as a single well in an infinite res- 
ervoir. After the pressure waves meet, the production 
of each well falls below that predicted by the usual per- 
formance calculations. Hence, it becomes important to 
be able to predict the time at which interference sets in. 


TABLE 1—CALCULATION FOR WELL A AT, T = 50 HOURS 


R(ft) 
0.00179 
R2/T —Ei(—u) 2268 P(psia) 

25 0.0224 3.21 401 1862 
50 0.0895 1.91 239 2024 
Tf 0.201 1.19 149 2114 
100 0.358 0.795 99 2164 
150 0.806 0.308 38 2225 
200 1.43 0.111 14 2249 
250 2.24 0.034 4 2259 
300 3 0.0094 1 2262 


each well. By trial and error, the time at which the 
pressure waves meet can then be calculated. For this 
calculation, the time of interference has been arbi- 
trarily defined as that time when both pressure waves 
exhibit a pressure decrease of 25 psi at the same point 
within the formation. The infinite reservoir equation 
should continue to be approximately correct at this 
time. The example presented below will illustrate the 
calculation procedure. 


EXAMPLE 

Two wells located 1,000 ft apart in the same for- 
mation are put into production at the same time at 
constant rates of 550 to 1,100 STB/D, respectively. 
The initial reservoir pressure, P,, is 2,263 psia. The av- 
erage properties of the formation and fluid, as obtained 
from the analysis of laboratory tests and pressure build- 
up curves for the individual wells, are as follows: 


In order to handle this problem quantitatively, Eq. H = 57 ft C= SASK 
1 may be used to calculate the pressure at various k = 270 md B = 1.10 
points within the formation as a function of time for @ = 0.22 pw = 45 cp 
—— Distance from Well B, ft 
200 800 £00 600 500 400 300 200 O 
T T 
2500S 42300 
Reservoir Pressure, psia 
2200 2200 
Re) 
a 2100 
£ 2000 2000 & 
E 
3 3 
= 1900 I900 
Ig800 I800 
41700 
L it it it 1 
O 100 200 300 400 500 600 700 800 900 i000 
Distance from Well A, ft —~ 
Fic. 2—Pressure Prorites or Apvancinc Wave Fronts rrom ADJACENT WELLS AND INTERFERENCE RESULTING 
FROM THEIR INTERACTION. 
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TABLE 2—DISTANCES AT WHICH P = 2,238 PSIA 


10 78 93 171 
50 170 208 378 
100 241 287 528 
250 385 468 853 
500 545 655 1200 


Determine the time at which interference between the 
two wells results and the location of this interference. 


In order to establish the relationship for pressure 
as a function of distance and time for each well, Eq. 
1 is utilized in conjunction with the data presented. 


(550) (1.10) (45) 
(270) (57) 
10-*) (0.22) (45)R° 
270T 


= 2,263 + 70.6 


) (Well A) 


(270) (57) 


( ogg (5:15 X 10°) (0.22) (45)R 


Rearranging and simplifying, these equations become 


Nn 


) (Well B) 


OU iz 0.00179 =) (Well A) 
(2) 
— EL 0.00179 +) (Well B) 
(3) 


Eqs. 2 and 3 are then evaluated using the Ei-function 
values obtained from Fig. 1 to produce the pressure- 
position-time relationships for both wells. This is most 
conveniently accomplished by selecting a fixed time, T, 
and evaluating Eqs. 2 and 3 to obtain the pressure at 
various values of position R. As a typical example, the 
calculation for Well A at T = 50 hours is presented 
in Table 1. 


Similar calculations are made for both wells at T = 
10, 50, 100, 250 and 500 hours. The calculated pressure 
values are then plotted to produce the pressure profiles 
presented in Fig. 2. 


From a mathematical point of view, the pressure 
wave fronts extend over the entire reservoir imme- 
diately after initiation of production. However, no ap- 
preciable interference can exist until the pressures of 
the interacting wave fronts decrease significantly from 
the original reservoir pressure. For the purpose of the 
illustration, a pressure decrease of 25 psi is selected 
as representing a significant decrease. 


The pressure profiles of Fig. 2 are used to determine 
the distances at which the pressure decrease is 25 psi 
or the formation pressure is 2,263 — 25 = 2,238 psia. 
For the times selected for calculation, the distances at 
which P = 2,238 psia are obtained from Fig. 2 and are 
presented in Table 2. 


From these results, it is obvious that significant in- 
teraction occurs sometime between 250 and 500 hours. 
A plot of the sum of the distances traversed by the 
advancing pressure waves, R, + Rz, vs the produc- 
tion time, T, is presented in Fig. 3. From this figure, 
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R,+R,, Sum of Distances Traversed by Advancing Pressure Waves, ft 
@ 
re) 
O 


O 100 200 300 400 500 
T, Time, hours 


Fic. 3—EstTABLISHMENT OF TIME OF INTERFERENCE FOR Two 
Wetts Locatep 1,000 rr Apart. 


the time of interference is found to be 345 hours, when 
R, = 460 ft and Rg = 540 ft. 


A method for calculating the time of significant in- 
terference between two adjacent wells has been de- 
scribed. This method utilizes the point-source function 
introduced by Horner’ as a solution to the general un- 
steady-state equation for the flow of fluids through 
porous media to compute pressure profiles for adjacent 
wells as a function of time. It should be noted that the 
above example has been worked for a simplified case. 
In many cases the properties of the formation and fluid 
will be appreciably different at the two wells. When 
this situation arises, average values for the entire for- 
mation should be used in order to approximate the 
time of interference. 


A-GKNOWLED GME NT 


The authors wish to express their appreciation to L. 
J. O’Brien of The Pure Oil Co. for his helpful sug- 
gestions. 


REFERENCES 


1. Horner, D. R.: “Pressure Buildup in Wells”, Proc., Third 
World Petroleum Congress, The Hague (1951) II, 503. 


Jahnke, Eugene and Emde, Fritz: Tables of Functions, 
Dover Publications, New York (1945) 6. 


N 


3. Van Everdingen, A. F. and Hurst, William: “Application 


of the Laplace Transformation to Flow Problems in Reser- 


yoirs”, Trans. AIME (1949) 186, 305. 


435 


DISCUSSION 


R. L. PARSONS 
MEMBER AIME 


The authors are to be commended for a concise and 
practical discussion of transient pressure behavior in 
oil sands. They have conveniently put a pertinent equa- 
tion in usable form and properly allude to the break- 
down or incorrectness of the solution when P(R,T) — 
P, is small. 


At one point it would have been better to have been 
not so concise. Sophisticated readers of the JOURNAL OF 
PETROLEUM TECHNOLOGY will have no trouble with their 
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definition of C as fluid compressibility, psi”. Actually, 
of course, C is the system compressibility and is given 


by 
| 
Zz oP t 
These subscripts refer to temperature, gas, water, oil 
and formation; z is the compressibility factor of the 


gas phase. Use of C, alone could lead to significant er- 
rors. 
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Oil Production from Frozen Reservoir Rocks, Umiat, Alaska 


OREN C. BAPTIST 
MEMBER AIME 


The Umiat oil field is in Naval Petroleum Reserve 
No. 4 between the Brooks Range and Arctic Ocean in 
far-northern Alaska. The Umiat anticline has been 
tested by I1 wells, six of which produced oil ; however, 
the productive capacity and recoverable reserves of the 
field are subject to considerable speculation because of 
unusual reservoir conditions and because several wells 
appear to have been seriously damaged during drilling 
and completion. 


Oil is produced at depths of 275 to 1,100 ft; the 
depth to the bottom of the permanently frozen zone 
varies from about 800 to 1,100 ft, so that most of the 
oil reserves are in the permafrost. Reservoir pressures 
are estimated to range from 50 to 350 psi, increasing 
with depth, and the small amount of gas dissolved in 
the oil is the major source of energy for production. 


Laboratory tests were made on cores under simulated 
permafrost conditions to estimate oil recoverable by so- 
lution-gas expansion from low saturation pressures. The 
cores were also tested for clay content and susceptibil- 
ity to productivity impairment by swelling clays and in- 
creased water content if exposed to fresh water. 


The results indicate that oil can be produced from 
reservoir rocks in the permafrost and that substantial 
amounts of oil can be produced from depletion-drive 
reservoirs by a pressure drop of as little as 100 psi be- 
low the saturation pressure. Freezing of formation water 
reduces oil productivity much more than that due to 
increased oil viscosity. Failure of wells drilled with 
water-base mud to produce is attributed to freezing of 
water in the area immediately surrounding the wellbore. 
Swelling clays apparently contributed very little to the 
plugging of the wells. 


Naval Petroleum Reserve No. 4 lies between the 
Brooks Range and the Arctic Ocean in northern Alaska. 
The Umiat oil field is located in the southeastern part 
of the Reserve and is about 180 miles southeast of Point 
Barrow (the only permanent settlement in the Reserve 
and the primary supply point for drilling of the wells 
at Umiat). 


Eleven wells were drilled for the U. S. Department 
of the Navy, Office of Naval Petroleum and Oil Shale 


Original manuscript received in Society of Petroleum Engineers 
office Feb. 16, 1959. Revised manuscript received July 20, 1959. 
Paper presented at the Fifth Annual Joint Meeting of the Rocky 
Mountain Petroleum sections, April 2-3, 1959 at Casper, Wyo. 
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Reserves, between 1944 and 1953 to test the oil and 
gas possibilities of the Umiat anticline. Six of these 
wells produced oil in varying quantities and the best 
one pumped about 400 B/D.’ Estimates of recoverable 
oil range from 30 to 100 million bbl.”* The main oil- 
producing zones are two marine sandstone beds in the 
Grandstand formation of Cretaceous age; these are re- 
ferred to as the upper and lower sands. 


Good oil shows were found throughout the sand sec- 
tions in the first three wells drilled on the structure, but 
the highest rate of oil production obtained on any of 
the many tests was about 24 BOPD. These first wells 
were drilled with conventional rotary methods using 
water-base mud; later wells were drilled either with 
cable tools using brine or rotary tools using oil or oil- 
base mud. These experiments were successful as is 
shown by comparing the oil production from Well No. 
2 with that from No. 5. These two wells are only 200 
ft apart and are located at about the same elevation on 
the structure. Well No. 2, drilled with a rotary rig 
using water-base mud, was abandoned as a dry hole 
after all formation tests were negative. Well No. 5, 
drilled with cable tools and reamed with a rotary using 
oil, pumped 400 BOPD which was the maximum ca- 
pacity of the pump and less than the capacity of the 
well. These field results indicated that the producing 
sands were extremely “water sensitive’ and it was as- 
sumed that the cause of this sensitivity was the pres- 
ence of swelling clays in the sands. 


Because of the very unusual reservoir conditions and 
the difficulties encountered in completing oil wells in 
the permafrost, the Navy asked the U. S. Bureau of 
Mines to make laboratory studies under simulated per- 
mafrost conditions to assist them in estimating the pro- 
duction potential of the field and the recoverable re- 
serves. These tests were designed to determine the cause 
of the plugging of wells in the permafrost and to test 
oil recovery from frozen sand by solution-gas expansion 
with the oil gas-saturated at very low pressures. 


EXPERIMENTAL METHODS AND PROCEDURES 


SAMPLES ANALYZED 


Core samples were analyzed that represent the lower 
sand in Umiat Well No. 2, the upper sand in No. 3, 
and both the upper and lower sands in No. 9. These 
sands should be productive in all of the wells because 
of their location on the structure. Core samples from 


1References given at end of paper. 


Well No. 11, representing the lower sand and the 
Chandler and Ninuluk formations overlying the Grand- 
stand formations, were also analyzed. Well No. 11 is on 
the north flank of the Umiat anticline on the down- 
thrown side of a fault and was a dry hole. 


CRUSHED SAMPLES 


Part of each core was crushed and divided into two 
parts. The 12-micron and smaller material was sep- 
arated from one part, and the clay minerals were deter- 
mined by X-ray diffraction analyses. The bulk-swelling 
capacity of the other part was determined by slowly 
dropping a measured dry volume into distilled water 
that contained a small amount of wetting agent. After 
standing for 24 hours, the wet volume was read. The 
increase in volume of the wet sample, as compared to 
its volume when dry, was used to calculate the per- 
centage of bulk swelling. After reading the wet volume, 
the sample was thoroughly shaken and again allowed to 
stand for a day. The amount of fine material in the 
sample was then visually estimated by noting the thick- 
ness of the layer that had settled on the coarser sand 
and the amount of clay that was still suspended in the 
water. 


PLUG SAMPLES 


Plug samples, about 2 cm in diameter by 3-cm long, 
were used for determination of porosity, gas permeabil- 
ity (k,), water permeability (k,,), and irreducible-water 
saturation by the semi-permeable barrier method (IWS), 
which is often called the restored-state or capillary pres- 
sure method. These determinations were made with con- 
ventional methods described in some detail in previous 
reports." 


RADIAL SAMPLES 


A radial sample was prepared by cleaning the out- 
side of a 2- to 3-in. section of core, facing both ends 
with a diamond saw and drilling a 3/16-in. hole axially 
through the center. After cleaning with toluene and 
drying, the sample was ready for testing. The sample 
was saturated with brine containing 3,300 ppm sodium 
chloride and allowed to soak overnight, after which it 
was mounted in the glass-walled cell. The cell was 
mounted in the brine bath, and Umiat crude oil was 
forced through the sample at room temperature. The 
oil displaced part of the interstitial brine, which was 
collected and measured until no more brine was pro- 
duced. The sample then contained the irreducible-brine 
saturation (IBS) and the remaining pore space was filled 
with dead oil. The dead oil was displaced with Umiat 
crude oil that was saturated with natural gas to a pre- 
determined saturation pressure. Following this, the re- 
maining oil surrounding the sample was displaced with 
gas. The sample, containing IBS and gas-safurated oil, 
was then chilled in the brine bath to 26°F after which 
the sample was ready for determination of oil recovery 
by solution-gas expansion. 


The recovery experiment was started by cracking the 
valve below the sample, allowing gas and oil to escape 
to atmospheric pressure and slowly lowering the pres- 
sure in the system. The gas-filled space in the celi out- 
side the sample was connected to the tube below the 
center hole through a mercury-bubbler arrangement. As 
the pressure on the system was lowered, the expanding 
gas outside the sample bubbled through the mercury, 
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TABLE 1—RESULTS OF TESTS ON CRUSHED SAMPLES AND PLUGS 


Bulk 


Well and Amount Swelling Porosity IWS 
Formation, Depth Fine (per (per (m (per cent 
or Sand (feet) Material cent) cent) ka kw pore vol.) 

No. 2 796 Vv. Small 8 19.7 272 220 15 

Lower 797 Vv. Small 2 18.3 — 35 20 

805 V. Small 0 17.1 100 85 21 

* 824 Small 6 — — _ _ 

831 Small 0 15.5 15 10 28 

No. 3 259 Medium 2 17.3 65 46 21 

Upper 274 Medium 2 10.2 0 0 53 

352 Small 6 17.8 83 88 22 

355 Medium 4 17.4 55 25 24 

No.9 475 Medium 4 14.8 23 14 23 

Upper 480 Medium 0 97 (ee <0.5 49 

Lower 870 Medium 8 EFA 232 136 18 

875 Medium 2 ee 154 32 18 

880 Small 4 18.2 274 172 1 

895 Medium (0) 15.8 58 43 —_ 

905 Medium 0 14.5 30 21 23 

910 Medium 0 13.1 Tf 6 29 

950 Medium 4 7.6 31 

960 Medium 2 15.4 79 37 19 

965 Medium 2 13:7 11 8 32 

975 Medium 0 13.8 14 9 30 

No. 11 2110 V. Small 4 24.1 300 97 5 

Ninuluk 2120 Medium 6 12.4 5.4 2.6 32 

2130 Medium 0 14,7 21 6.2 — 

2140 Medium 0 11.1 28 

Chandler 2295 Medium (0) 19.0 286 75 15 

2310 Large 0) 13.6 Zu <0.5 49 

2325 Large <0.5 0 100 

2350 Medium 2 19.3 87 17 20 

2375 Small 2 14.2 2.6 0 50 

2385 Medium 0 23.3 52 2.6 26 

2395 Large 0 12.6 Py) 0 85 

Lower 2825 Small (0) 18.3 145 160 14 

2835 Small 0 10.4 139 118 20 

2845 Small 2 14.5 445 370 10 


which allowed the pressure of the system to drop while 
steadily maintaining a slightly higher pressure on the 
outside of the sample than on the inside. This assured 
that all oil expelled from the sample by the expanding 
solution gas moved to the center hole to be produced 
and measured. A differential pressure across the sam- 
ple of 0.3 psi was used, and calibration experiments 
proved that this pressure forced all oil to the center 
hole and yet did not force any additional gas through 
the sample. 


After the oil recovery by gas expansion was com- 
plete, the additional recovery obtainable by gas drive 
was determined on six of the samples by forcing gas 
through the samples under a low differential pressure 
until no more oil was produced. The gas-expansion and 
gas-drive experiments were run on six of the samples 
at 75°F and repeated at 26°F to estimate the effect of 
freezing the interstitial water on oil recovery. The oil 
was gas-saturated in these tests at 100 psig. The re- 
sults are given in Table 2. 


Another set of experiments was designed to test the 
effect of gas-oil ratio on recovery by gas expansion. A 
series of three tests was made on these samples, with 
the oil gas-saturated at 50, 100 and 150 psig. All 
these tests were run at 26°F. The results are given in 
Table 3. 


RES 


WELL DAMAGE IN PERMAFROST 


The results of laboratory tests, Table 1, indicate that 
the sands have a low to moderate water sensitivity. This 
conclusion is based upon consideration of the following 
results. 


1. The predominant clay minerals, as determined by 
X-ray diffraction analyses, are kaolinite and illite; no 
montmorillonite or other high-swelling clay mineral was 
detected. 
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TABLE 2 — OIL RECOVERY EXPERIMENTS, SOLUTION-GAS EXPANSION FOLLOWED BY GAS DRIVE 


ee Initial je Solution-Gas Expansion Gas Drive 
J Permea- ecovery (per cent Residual Oil Recovery (per cent Residual Oil 
a Depth Porosity bility (per cent pore vol.) initial oil) (per cent pore vol) initial oil) (per cent pore vol) 
and (ft) (per cent) (md) ‘Brine Oil 26°F 75 26°F 
eee gre Hg 196 37 63 34 48 42 33 21 20 28 20 
By 49 44 56 27 29 4] 39 7 9 36 34 
805 14.6 92 4] 59 17 — 49 — 28 — 33 — 
No.3 259 18.2 128 42 58 
2 36 38 — 34 19 
Upper Me iets 134 38 62 31 50 43 34 26 23 aT 16 
355 16.3 52 44 56 25 33 42 38 19 34 32 19 
TABLE 3 — OIL RECOVERY EXPERIMENTS, SOLUTION-GAS EXPANSION FROM THREE SATURATION PRESSURES 
Solution-Gas Expansion 
Recovery Residual Oil 
Initial = (per cent initial oil) (per cent pore vol) 
Air , Saturations Saturation Pressure Saturation Pressure 
Well Depth Porosity Permeability {per cent pore vol) _ = (psig) (psig) 
Sand (ft) _(per cent) (md) Brine Oil 50 100 150 50 100 150 
No.2 797 15.1 26 42 58 26 3 
Lower 805 14.6 81 38 62 36 —_— — 40 —_ — 
No. 3 259 18.2 142 35 65 25 43 47 49 37 35 
Upper 352 17 7 123 40 60 24 39 50 45 33 29 
355 16.3 43 43 57 33 29 49 39 4] 30 
No. 9 470 16.1 76 34 66 — 45 = 35 
Upper 475 13.9 22 42 58 33 40 42 39 35 34 
Lower 870 17.4 195 37 63 — 51 — — 30 —_ 
875 12 184 34 66 24 32 37 50 45 42 
880 17.8 211 33 67 26 38 48 50 42 35 
895 14.7 69 36 64 = 42 — — 37 — 
900 12.4 23 48 52 — 40 — — 31 — 
905 14.3 26 42 58 — 49 — — 30 == 
910 13:3 14 47 53 48 
950 12 48 52 29 37 
970 14.6 78 38 62 35 4] 44 40 87, 30 


2. The sands contain small to medium amounts of 
fines. 


3. The bulk swelling is very low, from 0 to 8 per 
cent, 
4. The k,, — k, ratios, calculated from values given 


in Table 1, are mostly high, and the average of these 
ratios is about 0.67. 

5. The position of the average curve showing the re- 
lation of k, to IWS (Fig. 1) is that of a sand having 
moderate sensitivity. Previous results have shown that 
this curve will be displaced toward higher saturations if 
the sand is more water-sensitive.° 

For comparison, the water sensitivity of the Umiat 
producing sands, as determined in the laboratory, is 
similar to that of the Newcastle sand in Fiddler Creek 
field, Wyo.** Laboratory tests indicated that the New- 
castle sand was moderately sensitive to water, and ob- 
servation of field behavior later confirmed this obser- 
vation. The sand was not damaged by drilling with 
water-base mud, and water is now being successfully 
injected into the sand for secondary recovery purposes. 

If the observed productivity impairment of the 
Umiat sands is not attributable to water sensitivity, then 
why did the oil-bearing sands fail to produce in Well 
No. 2 and in other wells drilled with water-base mud? 
Present evidence indicates that the sands were plugged 
because mud filtrate invaded the sands and later froze. 

Temperature surveys in at least four wells were made 
under favorable conditions, The lowest subsurface tem- 
perature observed was 20°F at a depth of about 100 ft. 
Below this depth the temperature gradually increased 
until the base of the permafrost was reached at depths 
of 800 to 1,100 ft. 

The circulating water-base mud used to drill the first 
three wells apparently warmed the sands somewhat and 
allowed the filtrate from the mud to invade the thawed 
sands in the area around the wellbore. This high water 
saturation in the formation froze almost as soon as the 
circulation of the warm mud ceased, thus forming a 
barrier that was impermeable to oil. 
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Or RECOVERY UNDER SIMULATED 
PERMAFROST CONDITIONS 


The first set of experiments was run on six samples 
from Wells No. 2 and 3 to obtain qualitative indications 
of the magnitude of (1) oil recovery by solution-gas 
expansion, (2) additional oil recoverable by gas drive 
following gas expansion, and (3) the effect of low tem- 
perature on these two recovery processes. 

The average oil recovery from these six samples at 
26°F (Table 2) is 28 per cent of the initial oil by gas 
expansion and an additional 23 per cent by gas drive. 
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The recovery by gas drive from the samples is the maxi- 
mum obtainable because the gas drive was continued 
after gas breakthrough until no more oil was produced. 

After the experiments were run at 26°F, they were 
repeated at 75°F to show the effect of freezing the in- 
terstitial water on recovery. Although the interstitial 
water contained 3,300 ppm sodium chloride, indepen- 
dent tests proved that the water was frozen at 26°F. The 
average oil recovery at 26°F was 28 per cent of the 
initial oil, whereas the recovery at 75°F was 40 per 
cent. 

The effect of freezing of interstitial water on the 
movement of oil was further tested by determining 
the relative permeability to oil at 70° and 26°F. Two 
radial samples were saturated with water and driven 
with oil at 70°F until no more water was produced; then 
the permeability to oil was noted. The samples were 
then cooled to 26°F and the permeabilities again de- 
termined. The permeability values of the two samples 
at 70° and 26°F are 30 and 23 md, and 19 and 13 md, 
respectively. Since the calculation of the permeability 
value takes into account the change in viscosity of the 
oil with temperature, the values at the two temperatures 
should have been the same if no extraneous fac- 
tors were involved. Thus, the effect due to the freez- 
ing of the water reduced the permeability value by about 
27 per cent. The actual rate of flow of the oil at 26°F 
was only about 45 per cent of that at 70°F. 

A second series of experiments was run to deter- 
mine the effect of gas-oil ratio on recovery when the oil 
is produced entirely by solution-gas expansion at 26°F. 
The recoveries obtained when the oil was initially gas- 
saturated to 50, 100 and 150 psig are shown in Table 
3, and the average relation of recovery to saturation 
pressure is shown in Fig. 2. 

Laboratory tests on a recombined sample of Umiat 
crude oil and natural gas showed that the gas released, 
when the pressure was reduced from 200 to 100 psia, 
was 3.1 cu ft/bbl of original oil (measured at 100 psia 
and 25°F). This is 0.55 bbl of gas in the reservoir per 
barrel of original gas-saturated oil. 

If the curve on Fig. 2 is extrapolated to higher pres- 
sures, it appears that a maximum oil recovery would be 
reached by this process at a rather low saturation pres- 
sure — perhaps not more than 500 psig. This observa- 
tion agrees with published literature concerning recov- 
ery from depletion-drive reservoirs, where it is stated 
that “oil recoveries from reservoirs exceeding 500 psi 
in pressure and 100 cu ft/bbl in solution gas are con- 
trolled more by fluid-flow characteristics than by reser- 
voir energy”’.’ 

The shape of the curve in Fig. 2 also indicates that 
the first gas that came out of solution when the pres- 
sure was lowered produced oil more efficiently than did 
the gas produced later. The quantity of gas in solution 
was directly proportional to the pressure at which the 
oil was gas-saturated; therefore, if all gas produced oil 
with equal efficiency, oil recovery should have been 
directly proportional to saturation pressure. However, 
as shown in Fig. 2, the quantity of oil produced per 
volume of gas in solution decreased as saturation pres- 
sure increased. 

The first gas released from solution, as the pressure 
is lowered below the bubble point at any pressure, ex- 
pands and forces oil from the pores by piston-like ac- 
tion. This efficient displacement process continues until 
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Fic. 2— AVERAGE EFFECT OF SATURATION PRESSURE ON 
Oi Recovery 26°F. 


the equilibrium free-gas saturation is obtained. After 
the equilibrium gas saturation is passed, the permeabil- 
ity to gas increases rapidly, and oil is thereafter pro- 
duced inefficiently by the viscous drag of the gas. Thus, 
the depletion-drive process favors substantial recoveries 
from reservoirs, such as Umiat, that have a low initial 
reservoir pressure. The observed laboratory results agree 
with the postulated mechanics of the depletion-drive 
process just outlined. 


CON CLWS EONS 


1. The productivity impairment noted in wells drilled 
with a conventional rotary rig using water-base mud 
was caused by freezing of water in the sands in the 
area immediately surrounding the wellbore and was 
not due primarily to swelling of interstitial clays as 
previously supposed. 


2. A substantial recovery of oil can be expected from 
the Umiat field even though the reservoir sands are in 
the permafrost and the reservoir pressures are unusually 
low. Laboratory oil recovery averaged 29 to 45 per cent 
of the initial oil for saturation pressures of 50 to 150 
psig. 

3. Laboratory experiments confirm that the first gas 
released in the depletion-drive process displaces oil 
much more efficiently than does gas released after the 
equilibrium free-gas saturation has been obtained. 


4. Freezing of interstitial water reduces oil produc- 
tivity much more than that attributable to increased oil 
viscosity. Lowering the temperature from 70° to 26°F 
reduced the rate of oil flow by 54 per cent. 
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Transient Pressure Distributions in 
Fluid Displacement Programs 
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The use of a new laboratory model for studying tran- 
sient fluid flow problems, is described. The theory of 
the model is based on the analogy between the equa- 
tions which describe the flow of compressible fluids in 
porous media and the conduction of heat in solids, 


The “thermal model” is used to study the transient 
pressure distributions during fluid displacement in five 
standard well patterns. The studies indicate quantita- 
tively how the pressures change with time at any point 
in the reservoir. It was found that, in general, the 
equipressure contours are more radial about the wells 
early in the program than after steady-state conditions 
are established. In addition two studies of fractured five- 
spot patterns are presented to illustrate the applicability 
of the model for a wide range of reservoir conditions. 


In reviewing the oil recovery techniques involving 
fluid displacement it was found that a very considerable 
quantity, if not all of the fluid within the pattern, may 
be displaced during a time-dependent or transient period 
rather than the usually applied steady-state conditions. 
Since the oil is displaced during a transient period, it 
was believed desirable to study the nature of the tran- 
sients for several of the commonly used fluid displace- 
ment patterns. 


A literature review indicated fairly complete studies 
of the streamlines and isopotentials for steady-state, yet 
few data were available on the transient displacement 
process, Several simulated steady-state multiwell dis- 
placement programs were carefully mapped by Foster 
and Lodge on an electrical conducting sheet as early as 
1875,*° but the more recent work of Muskat provides the 
best source for steady-state phenomena having direct 
petroleum production applications.”” 


In order to study the transient phenomena a new lab- 
oratory model was developed which is based on the 
similarity of the equations that describe the flow of 
fluids and the conduction of heat. The equations describ- 
ing heat flow were developed early in the nineteenth 
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century."” Rigorous solutions for most transient prob- 
lems are in general complex and usually limited to 
fairly restricted boundary conditions.” The thermal 
model may be used to obtain approximate solutions for 
many transient problems without some of the restric- 
tions required for analytical solution. 


The application of the analogy between heat conduc- 
tion in solids, electrical flow and fluid flow in a porous 
media has long been recognized.”* Techniques origin- 
ally developed for the solution of heat conduction prob- 
lems have in many instances proved useful in ob- 
taining solutions to fluid flow problems. It is not surpris- 
ing then that a heat conduction or thermal model might 
be useful in studying transient fluid flow. 


As an example of the problems suitable for the study 
with the thermal model, transient pressure distributions 
during fluid displacement programs are studied for the 
five-spot, line-drive, staggered line-drive, seven-spot and 
two fractured patterns. 


A model was constructed of an iron plate of geome- 
try similar to the reservoir patterns under study. The 
principle of mirror images as suggested by Bryan was 
employed in shaping the model. A temperature differ- 
ential was obtained by soldering two sections of copper 
tubing to the plate at points analogous to the well loca- 
tion in the field. Hot and cold water was passed through 
the tubing. The temperature distribution, analogous to 
the pressure distribution in the field, was obtained as a 
function of time from thermocouples distributed over 
the plate. 


THE FLUID FLOW-HEAT CONDUCTION 
ANALOGY 


The analogy between fluid flow and heat conduction 
has been discussed in some detail.°’ However, a bricf 
outline of the mathematical approach will be given em- 
phasizing the points essential to the application of the 
therma! model. 


Darcy’s law describing the flow of fluids is 
For a fluid which is slightly compressible, i.e., one 
which can be represented by 
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Eq. 2 may be combined with the equation of con- 
tinuity, 


ly 


to yield 
k ot 
If @° is much smaller than f, the exponential in p 
may be expanded, and terms involving #° and higher 
may be omitted. Hence, 


| 
S 
| 
Nn 


Eq. 5 describes the pressure variation for a compressi- 
ble fluid flowing through a porous media just as 


1 
a 


describes the temperature variation when heat is trans- 
ferred through a solid. 


The following dimensionless groups are defined to fa- 
cilitate the application of the thermal model to field 
conditions. 


= U, 
[P= 


This particular choice of variables will be made clear 
in the next section. In addition let 


= 


y 
L Z for the model; (8) 
and 
x Zz 
=X, — =Y, = 
D D D Z for the field (8a) 
so that 
kt 
(9) 
and 
af 
(10) 
Eqs. 5 and 6 then take the symmetric form 
and VU = (11) 


A direct analogy may now be drawn between P and 
U, and the two may be related exactly provided T = 0. 


The thermal models consisted of a number of iron 
plates about 1 sq ft in area and 1/16-in. thick, shaped 
like the reservoir pattern. The metal acts as a conduc- 
tor for heat just as a porous sand is a “conductor” for 
reservoir fluids. 

The sources and sinks of heat corresponding to in- 
jection and production wells were %-in. copper tubes 
through which hot and cold water was pumped. 


The temperatures of the plate, corresponding to the 
pressures in the reservoir, were obtained using thermo- 
couples which were soldered to the plate. The thermo- 
couple voltages were measured with a recording poten- 
tiometer. Temperatures at 32 points could be read at 
a rate of one point every 2 seconds. 


To prevent heat losses the plate was wrapped with 
glass wool and the entire assembly placed in a controlled 
temperature case. 


The metal plate thus is related to the reservoir as in- 
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dicated in Eqs. 5 and 6. In addition, however, the tem- 
peratures and pressures are limited by initial conditions 
and prescribed well conditions. Initially the pressure 1n 
4 reservoir is constant, so the temperature of the metal 
plate was initially constant—100°F—for this study. The 
injection and production bottom-hole pressures vary 
from well to well, and the pressure of a given well 
usually varies with time. For the results presented here, 
it is assumed that the well pressures are constant and 
that the pressure at the producing well is below the 
initial reservoir pressure by the same amount that the 
injection pressure is above it. Regulated pressures can 
be studied for a particular application. The temperatures 
corresponding to the constant production and injection 
pressures were 50° and 150°F, respectively. 

Heat losses from the surface of the plate have no di- 
rect analogy in the field. Seepage corresponds to heat 
losses but could not be expected to do so quantitatively. 
In order to evaluate the effect of heat losses, a linear 
model was prepared. The resulting temperatures were 
compared with those obtained from analytical calcula- 
tions. It was found that the predicted and measured 
temperatures differed by less than 3 per cent of the 
total temperature changes for a period of 30 minutes. 
The results shown in the following section were obtained 
from runs of about 15 minutes duration. 

The well diameter simulated by the copper tubing 
is found by direct scaling to exceed 20 ft for normal 
well spacing. Therefore, it becomes necessary to estab- 
lish a method for correlating the temperatures measured 
for a laboratory model with the pressures obtained in 
the field for standard well dimensions. 

The time required for steady-state conditions to be 
reached at a given point depends upon the distance of 
the point from a disturbance. For conditions very near 
the wellbore, the pressure distribution near the well- 
bore may be estimated by the steady-state equation 
akh 
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Let the subscript m denote the “oversized” or model 
condition and f denote the actual field condition. Eq. 
12 takes the form 


(p— p;) 
and 


If the total pressure drop in the two wells is the 
same, 1.€., De — Py = Pe — Pm, the ratio of the produc- 
tion rates for the two wells may be found. Q = V/t; 
however, the relative times required to produce a given 
volume may be obtained from 


ic 
= Bed (15) 
In 
Pin 
or 
In 


Vn 
Eq. 16 then is the time correction which accounts 
for the unscaled well size in the model. 


Combining Eqs. 9, 10 and 11 gives 


f@pL'd In 
(field time) . (17) 
Ve 


Pin 


laboratory time = 


Since r,/r» is constant for the model, i.e., 37.6, and 
since 
0.333 cm’*/sec 
0.69 ft’, 


a 
and D? 
then 


0.133fBuL* 
laboratory time = oe 


In “* (field time) . (18) 
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where the following units are used: 


B = (atm)”, 
k/w = darcies (cp)”, 
L = ft. 


It is, therefore, possible to calculate the pressure at 
a distance corresponding to the enlarged well radius. 
For a flooding or cycling operation, pressures must be 
calculated for both wells. These calculated pressures at 
the enlarged radii are the P, and P, of Eq. 7. The en- 
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larged well radii are 0.027 r, for the present models 
where r, is half the distance between injection and pro- 
duction wells. 


APPLICATIONS OF THE THERMAL MODEL 


A number of the standard well spacing patterns have 
been studied using the thermal model. As was men- 
tioned, the conditions which have been simulated on the 
model correspond to the water flood of a reservoir 
initial at a uniform pressure. It is assumed that the pres- 
sures at the injection and production wells are above 
and below the initial reservoir pressure by equal 
amounts and are constant throughout the time studied. 


The model yields the transient pressure distribution 
in the reservoir. The complete description of this dis- 
tribution is presented in two figures for each pattern. 
The first figure is called a pressure profile chart and 
is illustrated by Fig. 1. This chart shows the time varia- 
tion of the pressures measured along the line joining 
the injection and production wells. The pressure is in- 
dicated in the dimensionless form given in Eq. 7. To 
determine the pressure at a given point, the pressures 
at a distance, r = 0.027, from the injection and produc- 
tion wells, P, and P:, respectively, must be determined 
from steady-state Eq. 12. 


The model time is given in seconds. The field time 
may be determined from the model time for specific 
reservoirs using Eq. 15. 


To complete the description of the pressure distribu- 
tion the equipressure contours are presented as illus- 
trated by Fig. 2. One can determine the pressure at any 
point for any time by reading the pressure on the 
production well-injection well line and following an 
equipressure line to the point in question. 


Some of the equipressure contour figures indicate that 
the shapes of the contours vary with time. This effect 
requires a more careful choice of the appropriate con- 
tour to be followed. 
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Figs. 1 and 2 describe the transient pressure distribu- 
tion in a standard five-spot pattern. The pressures and 
time for an actual reservoir may be determined from 
these charts using Eqs. 12 and 15. 


The pressure distribution is symmetric about the mid- 
dle of the diagonal. A very rapid initial change is noted. 
The variation continues and approaches the steady-state 
distribution which was obtained from a potentiometric 
model study. 


The contours shown in Fig. 2 compare almost ex- 
actly with those obtained from potentiometric model 
studies. No variation in the shapes of the contours with 
time was found for this pattern. Such constancy was ex- 
pected for this pattern because of its geometry. 


Figs. 3 and 4 describe the transient pressure distribu- 
tion for a square line-drive pattern. The pressure profile 
chart again indicates a rapid initial pressure change 
which causes the transient pressure curves to coincide 
with the steady-state isopotentials. Again, the distribu- 
tion is symmetric about the center of the injection well- 
production well line. In contrast to the five-spot pattern, 
the equipressure contours for the line-drive pattern were 
found to vary appreciably with time. Fig. 4, which pre- 
sents one quadrant of the line-drive pattern, shows that 
the equipressure lines are initially much more radial 
about the injection or production wells than at later 
times. 


The shapes of the contours indicate that early in the 
flood, there is a larger gradient for flow into the cor- 
ners of the pattern than later in the flood. In addition, 
there is more flow out of the corners late than early 
in the flood. 


If the transition period is appreciable with respect 
to the lifetime of the flood, the sweep efficiency could 
be larger than that indicated by steady-state methods. 
The variation in equipressure contours requires that a 
choice of contours pertaining to the correct time be 
made in determining the pressure at a particular point 
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on the x line indicated in Fig. 3. Similar results were 
obtained for an elongated line-drive pattern. Again, the 
equipressure contours were found to vary with time. 
However, the effect is not as marked as in the square 
line-drive pattern. 


Fig. 5 shows similar results for a staggered line- 
drive pattern. The statements made in connection with 
the square line-drive pattern also pertain for the stag- 
gered line-drive pattern. The data indicate that both the 
pressure profiles and equipressure contours appear to 
approach the steady-state curves as a limit. 


Fig. 6 presents the transient pressure profiles for the 
seven-spot pattern. Since the injection rate is greater 
than the production rate when constant well pressures 
are maintained, the average reservoir pressure tends to 
increase. As a result, the transient period is longer for 
the seven-spot pattern than for those previously studied. 
The shapes of the equipressure contours were found to 
be constant within the accuracy of the model. It may 
be pointed out that the contours near the center of any 
pattern cannot be determined accurately during the early 
period of study because the temperature gradients are 
not great enough to uniquely determine the shapes. 


Figs. 7 and 8 pertain to a fractured five-spot pattern. 
The orientation of the fracture is indicated in the in- 
sert of Fig. 7. A fracture may be simulated on the 
model by soldering a piece of copper tubing at the posi- 
tion analogous to the fracture. A highly conductive 
fracture is then assumed. The pressure profiles and 
equipressure contours are understandably unsymmetric. 
A rather long transition period prevails. 


Ss TON 


An obvious inference from these data would be the 
possibility of obtaining higher sweep efficiencies for cer- 


*Complete text of this paper was published in a booklet con- 
taining preprints of papers presented at the Permian Basin Sec- 
tion Oil Recovery Conference, held in Midland, Tex., May 7-8, 1959. 
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tain well patterns by displacing the fluid using inter- 
mittent injection or a transient flooding or displacing 
process. A series of preliminary laboratory tests were 
performed using two sand models—one 10-in. < 10-in. 
Y%-in. and one 20-in. 20-in. X 1% -in.—simulating 
a line-drive square pattern. Injection rates were varied 
in a pulsating manner using from 10 to 0.1 pulses/sec, 
the approximate range of the equipment. Flood fronts 
were determined by using colored water. No variation 
of sweep efficiency was detected. 


To observe certain of the beneficial effects of tran- 
sient displacement in the laboratory, it is quite likely 
that the injection frequency should be much greater as 
the approximate time required for the readjustment of 
the pressure distribution in a reservoir pattern to steady- 
state distribution when pressure variations occur at the 
wells is proportional to the fluid compressibility, por- 
osity and square of the path length and inversely pro- 
portional to the fluid mobility. Since the linear field 
scale would likely be a few hundred times larger than 
the laboratory model and the field mobility lower, the 
adjustment time for field application would be very 
much greater and perhaps be in the range of equipment 
possibilities. 

The applications of the thermal model discussed here 
indicate to some extent the types of problems which 
may be studied. The results include transient pressure 
distributions for many of the standard reservoir fluid 
displacement patterns. An application to fractured pat- 
terns is included. While these results apply when con- 
stant pressure (temperature in the model) is main- 
tained, variations of pressures and injection rates are 
possible by varying the water temperature and rate 
through the copper tubing which represent the injec- 
tion and production wells. 


In addition, reservoirs of different shapes and well 
patterns may be studied. Reservoirs of different per- 
meability layers may be studied by using a model of 
layers of material of proportionately varying thermal 
conductivities. Regions of high and low permeability 
may be similarly represented. 
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NOMENCLATURE 


« = thermal diffusivity 
8 = compressibility 
D = laboratory dimension analogous to the field 
dimension L 
= porosity 
y = density 
y. = density at standard conditions 
k = permeability 
L = field distance (i.e., injection-production well 
distance) 
p = general pressure variable 
P = dimensionless pressure (Eq. 7) 
P, = dimensionless pressure at 0.027 r, from the 
injection well 
P, = dimensionless pressure at 0.027 r, from the 
production well 
O = rate of fluid flow 
y = distance from the center of a well 
6@ = model time variable 
© = dimensionless time (Eq. 10) 
t = field time variable 
T = dimensionless time (Eq. 9) 
u = fluid viscosity 
u = general temperature variable 
U = dimensionless temperature (Eq. 7) 
U, = dimensionless temperature at 0.027 r, from 
the injection well 
dimensionless temperature at 0.027 r, from 
the production well 
v = fluid velocity 
V = volume of fluid 
x,y,z = general position variables 
Z = dimensionless position variable 


= 


SUBSCRIPTS 


f = field model 

m = laboratory model 
e = external boundary 
w = well 
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Production Potentia! Changes During Sweep-Out 
in a Five-Spot System 


B. H. CAUDLE 
MEMBER AIME 


M. D. WITTE 


A-BS TRAC T 


In predicting the performance of a pattern injection 
operation, the engineer needs to know both the amount 
of oil to be recovered and the rate at which the recov- 
ery will take place. This paper describes fluid flow 
model studies on the effect of mobility ratio on the rate 
of oil recovery in a five-spot. The results show the 
change in fluid conductivity (total flow rate/ pressure 
drop) as the sweep-out pattern increases for mobility 
ratios between 0.1 and 10. These data, when combined 
with a knowledge of reservoir permeabilities and sweep- 
out pattern efficiencies, can be used to predict the cu- 
mulative oil production as a function of time for homo- 
geneous five-spot injection systems. 
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INTRO DUET LON 


The flow potential in a pattern flood element is a 
function of the mobility ratio and how far the injected 
flood front has gone.** For a waterflood project hav- 
ing a mobility ratio of one, the conductance—which is 
the flow rate per unit pressure drop (q/Ap)—will re- 
main the same throughout the life of the flood. If the 
mobility ratio is favorable (<1), the conductance of the 
project will drop continuously throughout the operation. 
If, on the other hand, the mobility ratio is unfavorable, 
the conductance ratio will increase continuously. There- 
fore, if the reservoir engineer wishes to predict either 
the rate at a specified pressure or the pressure at some 
rate for a secondary recovery project, he must know 
how the conductance will vary during the flood. 

Other investigators have studied this problem using 
potentiometric models’ or analytical solution’. The 


1References given at end of paper. 


PETROLEUM TRANSACTIONS, AIME 


method described in this paper uses fluid flow models to 
study the variation in conductance with mobility ratio 
and flood front advance. Fluid flow models are more 
directly analogous to the reservoir and the resulting data 
can be directly applied to secondary recovery projects. 
This method was developed to yield reservoir engineer- 
ing data which can be applied directly from graphs to 
the reservoir problem. 


EXPERIMENTAL METHOD 


The technique used in this study is in part the same 
as that for the X-ray shadowgraph studies of sweep-out 
pattern efficiency.* Fig, 1 is a schematic drawing of the 
equipment used to obtain sweep-out pattern and con- 
ductance data simultaneously. The model of the reser- 
voir element is made from a uniform packing of Ot- 
tawa sand consolidated with an epoxy resin. In this 
study the model was one-eighth of a five-spot element 
32 cm between wells, 0.6-cm thick with actual wellbore 
radii of 0.2 cm. The wells were formed by grinding 
after the model was shaped and coated. In the grind- 
ing operation, the wellbores’ faces become partially 
plugged with fine particles. Because of the resulting re- 
duction in permeability, these wells have pressure drops 
like those expected for much smaller but unplugged 
wells. The effective wellbore size can be determined 
from the flow capacity equation for a five-spot unit and 
the single fluid conductance af the model. In our model 
the effective wellbore radii were determined to be 0.018 
em (about one-tenth the actual radii). The wells were 
protected from further damage by filtering the fluids 
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just upstream from the injection well. Thus, the effec- 
tive ratio of the well radius to the distance between 
wells was 1,780. 


All of the external surfaces of the model were sealed 
with a coating of epoxy resin. The injection fluid, which 
contained iodobenzene as an X-ray absorber, was pushed 
into the model at a constant pressure drop. The cumu- 
lative volume of fluid produced was recorded as a func- 
tion of time while radiographs were taken so that the 
conductance could be related to the area swept. 


Miscible oils were used to model both the original res- 
ervoir fluid and the injected fluid. This was done so that 
the effective permeability would stay constant during 
the displacement of one fluid by the other. Therefore, 

viscosity ratio (./u;). Radiographs taken during the 
model flow tests were traced and the area contacted by 
the injected fluid was plotted as a function of the cumu- 
lative volume produced. These data were analyzed by 
the method described in a previous publication’ to find 
the relationships between area swept, injected fluid cut 
(f,) and displaceable volumes (V,) injected. 


the mobility ratio, , was given by the inverse 


The mobility ratios studied were approximately 0.1, 
0.3, 1, 3 and 10. Two model runs were made for each 
mobility ratio. These were run in opposite directians in 
the model to average out any difference in the pressure 
drop around each well. 
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Fig. 2 shows the relationship between the conduc- 
tance ratio, the mobility ratio and the fractional areas 
of the reservoir contacted by the injected fluid for a 
five-spot injection system. From these curves and the 
pattern sweep efficiency data (Figs. 3 and 4), we can 
predict the performance of a uniform five-spot flood 
such as a water flood of an oil reservoir having little 
or no free gas phase. The predicted performance (in 
dimensionless parameters) for a flood having a mobility 
ratio of 2.0 is shown in Fig. 5, The dimensionless axes 
can be converted into reservoir values with the follow- 
ing equations. 


Cumulative water injected 


V; 
Cumulative oil produced 
Throughput rate (q) = (yAp)(q/Ap) initial . . (3) 


A time scale for the operation (if a constant pressure 
drop between the wells is predicted) can be obtained 
by graphically integrating a plot of 1/q vs W,. Prats, 
et al, have published’ calculated values for the conduc- 
tance after breakthrough in a five-spot pattern where the 
mobility ratio is greater than one. Fig. 6 shows how well 
the experimental data from the flow models agree with 
the calculated values given in Ref. 2. 


The reservoir element models used in this type of 
study are easily made from sheets of sandstone (either 
natural or synthetic) covered with a plastic coating. The 
model used in the five-spot study described above was 
of uniform thickness, but models of irregular shape and 
thickness can be used as well. The wellbores in the res- 
ervoir models should be kept smaller than the area 
around a properly scaled wellbore in which the flow 
is radial. In general, this means that the wellbore radius 
should be less than 1 per cent of the distance between 
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the wells. With this size wellbore, the measured con- 
ductivity ratio will be accurate enough for reservoir 
engineering predictions. 


CONCLUSIONS 


We believe that the flow potential (conductance) for 
secondary recovery projects can be predicted by using 
the fluid models described in this paper. Sweep-out pat- 
tern efficiencies can be obtained at the same time. The 
data presented in Figs. 2 through 4 can be used to pre- 
dict the cumulative oil recovery, water cut at the pro- 
ducing wells and the rate of production as a function 
of volumes of fluid injected or of time for a five-spot 
flood at mobility ratios between 0.1 and 10 in a uniform 
homogeneous reservoir. 


E, = swept area—fractional area (or volume) con- 
tacted by the injected fluid at any time 

f, = fraction of injected fluid in produced stream 
Ap = pressure drop from the injector to producer 

qd = flow rate (injection or producing) 
S,,- = connate water saturation 
Vx = reservoir bulk volume 

(q/Ap) 

(q/Ap) initial 
V, = displaceable (floodable) pore volume 
V, = cumulative volume injected 


y = conductance ratio 


REFERENCES 


1. Aronofsky, J. S. and Ramey, H. J., Jr.: “Mobility Ratio— 
Its Influence on Injection or Production Histories in Five- 
Spot Water Flood”, Trans. AIME (1956) 207, 205. 

2. Prats, M., Matthews, C. S., Jewett, R. L. and Baker. J. D.: 

“Prediction of Injection Rate and Production History for 

Multifluid Five-Spot Floods”, Trans. AIME (1959) 216, 98. 

Dyes, A. B., Caudle, B. H. and Erickson, R. A.: “Oil Pro- 


duction After Breakthrough as Influenced by Mobility Ra- 
tio”, Trans. AIME (1954) 201, 27. tok 


w 


*For other symbols definitions, see Symbols List in Trans. AIME 
(1956) 207, 363. 


PETROLEUM TRANSACTIONS, AIME 


\2 
10 
| 
| 


T.N. 2048 


A Demonstration of The Effect of “Dead-End’”’ Volume 
On Pressure Transients in Porous Media 


FATT 
MEMBER AIME 


AGBES 


Study of a model which contains “dead-end” pore 
volume indicates that pressure transients are influenced 
by the amount of dead-end pore volume and by the re- 
sistance of the flow path between the dead-end pore 
volume and the main flow channels. A semi-empirical 
method is demonstrated that makes possible measure- 
ment of the volume in the dead-end pores and the total 
pore volume. The difference between these two volumes 
is the volume of the flow channels. An indication of the 
flow resistance between the dead-end pore space and the 
main flow channels is also obtained. 


In some engineering calculations the distribution of 
pore volume in a petroleum reservoir need not be 
known. For example, a material balance calculation 
treats a reservoir as an oil-filled tank. In other calcula- 
tions the distribution of pore vclume appears implicitly 
through use of the porosity and the relative permeabil- 
ity and capillary pressure characteristics. It is the pur- 
pose of this paper to point out that under certain con- 
ditions the exact distribution of pore volume must be 
known in order to interpret correctly transient flow be- 
havior. 

Pressure transients during single-phase flow in porous 
media are usually said to obey differential equations of 
the form 


oP 
if liquid is flowing, and 
oP 


if gas is flowing. 

Eqs. 1 and 2 were derived with the assumption that 
there are no sources of flux within the system. The more 
general statements that describe pressure transients con- 
tain a source function and are written 


and 
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where G(x,y,z,t) and G’(x,y,z,t) are the strength of 
the source at x,y,z, and f. 

Eqs. 1 and 2 for a one-dimensional system require 
that, at any point x and at any time f¢, the average ve- 
locity vector be in the x direction. Furthermore, at any 
x and ¢ there can be only one value of P. Also, all of 
the fluid leaving an element dx must have been stored 
in that element since ¢ = 0 as a result of the compres- 
sibility of the fluid or must have come in from the ad- 
jacent downstream element. In other words, no fluid 
can be generated in dx. These conditions are fulfilled 
for a homogeneous, isotropic porous medium. 

In fractured rock the over-all permeability of the 
system may be greater than that of the material making 
up the blocks. The blocks may then be sources. 

A vuggy limestone can be treated in a very similar 
manner. If there is a low permeability layer on the vug 
surface, the fluid in the vug may not be able to leave 
at a rate sufficient to make the pressure in the vug equal 
to that in the rock immediately around the vug. The vug 
then becomes a source and the system obeys Eq. 3 
or Eq. 4. 


MICROSCOPIC 

At the microscopic level our interest is centered on 
dead-end pores. Past studies have shown that under 
single-phase flow conditions there are no dead-end pores 
in sandstones, or at least too few to be important.”** 
Dead-end pores may, however, be important in multi- 
phase flow. In a porous medium idealized as a network 
of tubes, the small tubes are filled with water and the 
large tubes with oil according to the capillary pressure 
concept as applied to a network of tubes.’ Certain oil- 
filled tubes may be dead-end pores because, although 
containing oil, they do not contribute to the oil per- 
meability. The oil in these tubes may not be displaced 
in a gas drive or miscible flood. The importance of 
these dead-end tubes during a water flood is not clear. 

It should be pointed out here that Eqs. 1 and 3 also 
describe a diffusion system if the pressure term is re- 
placed by concentration. Therefore, experimental ar- 
rangements in which concentration of a diffusing sub- 
stance is measured can give the same information as 
those in which pressure transients are measured. 


This paper will deal only with systems in which the 
dead-end pore volume is on a macroscopic scale. 


1References given at end of paper. 
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Both fractured and vuggy systems are difficult to 
study in the laboratory if reservoir rocks are used be- 
cause a very large sample is needed to give a represen- 
tative system. However, a model can be constructed that 
will have some of the features of a fractured or vuggy 
system and which can be easily studied experimentally. 


The laboratory model is a 2-in, * 2-in. X 60-in. 
piece of Bandera sandstone mounted in an epoxy resin 
(Scotch-Cast). In addition to inlet and outlet connec- 
tions, there were fittings installed at x/L = 0.2, 0.4, 
0.6 and 0.8. The mounted sandstone had an air per- 
meability of 3.55 md, measured with 10 psig upstream 
and atmospheric pressure downstream. For material of 
this low permeability there may be a substantial correc- 
tion for the Klinkenberg effect. However, because the 
permeability will be used only as a parameter to test 
the applicability of nonsteady-state equations, this cor- 
rection need not be made.*” The nonsteady-state be- 
havior is examined in the same pressure range as was 
used in the permeability measurement, The porosity was 
15.3 per cent and the pore volume 603 cc. 


The fittings along the length of the system could con- 
nect to chambers, each of which had a volume of 
100 cc. Orifices made of %4-in. X %4-in. X 1-in. pieces 
of Bandera sandstone mounted in plastic could be in- 
serted between the flow system and the side chamber. 


The 5-ft long Bandera sandstone forms the main 
flow channel. When the four chambers are connected 
directly to the system (that is, without the orifices in 
series), the system can be taken to model a vuggy 
limestone in which the vugs have no low permeability 
layer on their interior surfaces. In this case it will be 
shown experimentally that the pressure in a vug is at 
all times very close to the pressure in the rock imme- 
diately adjacent to the vug. 


If orifices are placed in series with the chambers, 
then during the early part of the transient period there 
will be a large pressure difference between the chamber 
and the flow system. The system now models a vuggy 
limestone in which the vugs have a low permeability 
layer on their surface. The system is also modelling, ap- 
proximately, a fractured reservoir. The side chambers 
represent the blocks and the 5-ft long sandstone repre- 
sents the network of fractures. This model is only ap- 
proximate because the side chambers are empty volumes 
and the entire volume responds immediately to pressure 
changes, whereas in blocks of low permeability rock in 
a fractured system there would be a pressure transient 
in the block itself. If, however, the block is visualized 
as hollow with the entire pressure drop across a thin 
layer of rock at each face, the laboratory model approx- 
imates this fractured system. 


To model a porous rock on a microscopic scale the 
plastic-mounted Bandera sandstone can be considered to 
be equivalent to a bundle of tubes which would have 
the same flow capacity and pore volume as the sand- 
stone. A combination of Darcy’s and Poiseuille’s laws 
shows that the sandstone flow system is equivalent to 
a bundle of 7.2 10° tubes each 5-ft long and each 
with four equally spaced side arms l-in. long (if only 
one orifice is in series with each chamber) and 3.09 
< 10° cm in radius leading to a chamber of 1.39 X 
10“‘cc volume. The chamber can be pictured as a cube, 
2.41 < 10° cm on a side. The pressure transients ob- 
served in the sandstone flow system plus side chambers 
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would also be observed in a single capillary tube with 
side chambers as described above. 


The microscopic system evolved by comparing the 
sandstone to a bundle of tubes may be unrealistic in 
terms of the true microscopic picture of a sandstone. It 
does, however, show that for the macroscopic system 
with dead-end pore volume there is an equivalent micro- 
scopic system. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The plastic-mounted sandstone was equipped with a 
Wiancko pressure pickup connected to a Foxboro Dy- 
nalog recorder. Pressure vs time measurement could be 
made at x/L = 0.2, 0.4, 0.6, 0.8 and 1.0. The differ- 
ence in pressure, as a function of time, between a side 
chamber and the main flow system could also be meas- 
ured. 


Air was used as the fluid in all measurements. A 
quick-opening toggle valve at x/L =O permitted air 
pressure to be applied suddenly when the pen on the 
recorder crossed the zero time mark. 


Flow of air out of the system at x/L = 1.0 was 
measured by means of a water-filled, gas buret stand- 
ing upright in a large open beaker of water. Air was ad- 
mitted to the buret at the bottom. The air pressure in 
the buret was measured by means of a Wiancko pickup 
connected at the top of the buret. The recording from 
this pickup gave a measure of the gas produced as a 
function of time. 


BX PERIMENT ALSRES 


All experimental pressures as a function of time were 
recorded continuously. Plots of pressure vs time, there- 
fore, are smooth curves and do not show data points. 


For testing the applicability of nonsteady-state flow 
theory to the experimental data, it is not necessary to 
use porosity or permeability as such. Rather, the pore 
volume and permeance can be used. The advantage in 
using pore volume and permeance is that the length 
and area of the flow system need not be known. The 
length and area are difficult to determine accurately be- 
cause there is an unknown amount of penetration by 
the mounting plastic. 
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The dimensionless time parameter used in nonsteady- 
state equation is 


But by Darcy’s law for gas flow, 
2qaLP 
a 
k . . . . 
Also, porosity is given by 
— Vp 
Substituting Eqs. 6 and 7 into Eq. 5 gives 
2q.P. 
Tp 
V> 
For the sandstone flow system, pip? was 3.55 


10°cc/sec/atm. 


For the sandstone without side chambers, fp), was 
therefore given by 


Where P, and ¢f are in atmospheres and seconds respec- 
tively. If the four side chambers are considered to be 
directly additive to the pore volume, then f, for sys- 
tem plus side chambers is given by 


Fig. 1 shows the pressure change at x/L = 1.0 
(closed end) when the system, originally at atmospheric 
pressure (P, = 14.7 psia), has 10 psi (P; = 24.7 psia) 
applied at x/L = 0, t = O. Fig. 2 is pressure build-up 
curve at x/L = 1.0 when this end is suddenly closed 
after steady-state flow was established, 10 psig being 
maintained at x/L = 0 at all times. 


Fig. 3 shows the difference in pressure between the 
main flow system and the side chambers. Curves above 
the zero pressure axis show the chamber pressure above 
the flow system. For these curves the flow system was 
originally at 10 psig and was lowered to atmospheric at 
x/L = 0, t = 0. Curves below the axis show the cham- 
ber pressure below the flow system. For these curves the 
flow system was originally at atmospheric pressure and 
was raised to 10 psig at x/L = 0, t = 0. 
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Fig. 4 shows a typical curve of gas volume produced 
as a function of time. 


Additional data were obtained in order to compare 
the pressure transients in the flow system with those 
predicted by the solution of Eq. 2. These data are not 
given here because in every case the flow system with 
or without side chambers (but without orifices in series) 
behaved exactly as predicted by Aronofsky and Jenkins‘ 
in their solutions of Eq. 2. 


DISCUSSION OF RESULTS 


Curves | and 5 in Fig. 1 are in exact agreement with 
that predicted for the system by the Aronofsky and Jen- 
kins solution, This would be expected for Curve 1. 
Agreement is obtained for Curve 5 when the additional 
pore volume added to the system by means of the side 
chambers is taken as a simple increase of porosity. 
Agreement is obtained despite the fact that (1) the pres- 
sure in the chambers is slightly different from that in 
the flow system, as shown by Curve 1 in Fig. 3 and 
(2) the side chambers are lumped pore volume rather 
than distributed throughout the flow system. This re- 
sult indicates that dead-end pore volume will not alter 
the form of the pressure transient provided there is no 
appreciable resistance to flow between this volume and 
the main flow channels. Under these conditions the 
dead-end volume can be simply added to the volume in 
the flow channels when calculating the porosity to be 
used in the hydraulic diffusivity. 


Curves 2, 3 and 4 in Fig. 1 show that, when there 
is appreciable resistance between the dead-end volume 
and the flow channels, the form of the pressure tran- 
sient is altered. These curves cannot be brought into 
agreement with Eq. 2 by a simple change in 7’. Pre- 
sumably this is also true of 7 in Eq. 1 for a system in 
which a single-phase liquid is flowing. The presence of 
dead volume connected to the main flow channels 
through a constriction requires that the system be de- 
scribed by Eq. 3 or Eq. 4, that is, equations with a 
source function. 


The need for equations containing a source function 
can be demonstrated in another way. Aronofsky and 
Jenkins show in their Fig. 11 the rate at which the gas 
flow rate at x/L = 1 approaches steady state. Unfor- 
tunately small flow rates are difficult to measure, es- 
pecially early in the transient period. An alternate pro- 
cedure is to use a plot of volume output vs time and 
extrapolate from the steady-state region to the time axis 
as shown here in Fig. 4. This gives the so-called “time 
lag”, t,. Barrer’ has shown that the solution of Eq. 1 
gives 


6n 
where f, is the intercept and L is the length of the sys- 
tem. This solution is for the nonsteady-state flow of 
liquid rather than gas but is approximately applicable 
to gas flow if the pressure difference across the system 
is small. A combination of the equations for 7, ¢ and 
k gives 
= 


If the flow rate q, is measured at 1 atm, then qg, = 
q:, P, = 1 atm and the pore volume becomes 


(12) 
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lv 
In Fig. 4 the slope, ——, at steady state is g,. There- 


fore, the pore volume of the system can be calculated 
from the slope, intercept on the time axis and the pres- 
sure drop across the system. 


Eq. 13 was applied to the system without side cham- 
ber, with side chambers but no orifices in series, and 
with side chambers with orifices in series. The pressure 
difference across the system was 2.0 psi and the mean 
pressure was 15.7 psia. The results, taken from curves 
similar to Fig. 4, are tabulated in Table 1. 


Table 1 shows clearly that Eq. 13 is applicable for 
systems in which all the pore volume is connected to 
the flow channels without any intervening flow con- 
strictions. When there are flow constrictions, Eq. 13 
no longer applies. Eqs. 1 and 2 are therefore not appli- 
cable. Under this condition the complete Eqs. 3 and 4 
containing the source function are needed. 


The third and final demonstration of the effect of 
dead-end pore volume is made by means of the time 
lag equation developed by Putnam’ and others. Putnam 
showed that treating the transient period as a succes- 
sion of steady states leads to the equation 


0.0471L° 


where ?, is the time required for the transient to reach 

the closed end (x = L) after an increase in pressure 

was applied at x = 0. Eqs. 14 and 11 are identical 

except for a multiplier. Substituting the definition of 

n into Eq. 14 gives 

0.0471L* du 
kP 


if the pressure difference is so small that c = constant 


(15) 


Note that in Fig. | the time lag changes with porosity 


TABLE 1 — RESULTS FROM APPLICATION OF EQ. 13 
True Pore Pore Volume from 

System Volume (cc) — Eq. 24 (cc) 
No side chambers 603 617 
With side chamber but no 

orifices in series 1,003 1,091 
With side chambers, 

orifice in series 1,003 800 
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according to Eq. 15 only for those systems which have 
no flow constriction between the dead-end pore volume 
and the flow channels. In other words, the transient does 
not “see” the dead-end volume in the side chambers if 
there is an orifice in series. 


The curves in Fig. 2 show the effect of dead-end vol- 
ume on the pressure build-up at x = L when the system 
is shut in after having flowed at steady state. Dead-end 
pore volume, if connected to the flow channels without 
orifices in series, merely shifts the curve in the same 
manner as would an increase in porosity. If there is 
flow restriction between the dead-end volume and the 
flow channels, the form of the build-up curve is changed. 
During the early period of build-up, the transient does 
not see the dead-end volume. In the later period the 
transient sees the dead-end volume as it would if there 
were no flow restrictions in series with the dead-end 
volume. 


These studies of pressure transients in systems with 
dead-end volume lead to a method which can be used, 
in the laboratory at least, to estimate the amount of 
dead-end volume. The observed transient is matched to 
the known solution of Eq. 1 or Eq. 2 at the very early 
period. The porosity needed to give a match at the early 
period does not include the dead-end volume. The total 
porosity can be obtained by conventional volumetric 
methods. The difference between these porosities is a 
measure of the dead-end volume that is connected to 
the main flow channels through flow restrictions. 


Using the two porosities obtained from transient 
measurements together with the permeability, viscosity 
and compressibility of the flowing fluid, the entire tran- 
sient curve can be plotted from the known solution of 
Eq. 1 or Eq. 2. A very qualitative estimate of the mag- 
nitude of the flow restrictions can be made by noting 
the position of the measured transient with respect to 
the transient predicted by the two porosities as, for 
example, in Fig. 1. 
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CONCL US TO-NS 


Pressure transients in a porous medium in which 
there is dead-end pore volume will behave according to 
the usual transient flow equations if there is no flow 
restriction between the dead-end volume and the main 
flow channels. The dead-end volume in such systems 
can be considered part of the total pore volume when 
calculating the porosity to be used in the hydraulic dif- 
fusivity. 

If there is a flow restriction between the dead-end 
volume and the main flow channels, there will be dur- 
ing nonsteady-state flow a pressure difference between 
the dead-end volume and the flow channels immediately 
adjacent to it. This pressure difference will cause the 
dead-end volume to act as a source. The governing 
transient flow equation must then include a source 
function. 


In a laboratory system containing 40 per cent of the 
total pore volume as dead-end volume, the dead-end 
volume could be estimated by comparing the observed 
pressure transients to known solutions of the governing 
transient flow equations. If the dead-end volume is con- 
nected to the main flow channels through a flow con- 
striction, the early part of the pressure transient is the 
same as if there is no dead-end volume. The later part 
of the pressure transient is the same as a system in 
which the pore volume is the sum of the dead-end vol- 
ume and the volume in the flow channels. 
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A function 

A function 

Length of porous medium 
Pressure 

= Barometric pressure 


II 


*For other symbol definitions, see Symbols list, Trans. AIMF 
(1956) 207, 368 


P, = Initial pressure 
P, = Upstream pressure 
P, = Downstream pressure 


= Volumetric flow rate 

qa = Volumetric flow rate of gas at pressure P, 

t, = Time lag given by Barrer 

t, = Time lag given by Putnam 
V, = Pore volume 

x = Distance from upstream end 

» = Diffusivity coefficient for liquids in porous media 

k 
puc 


n’ = Diffusivity coefficient for gases in porous media 


fie Average pressure 
q 


= The operator 
P Oy + OZ 


REFERENCES 


1. Russell, R. G., Morgan, F. and Muskat, M.: “Some Experi- 
ments on the Mobility of Interstitial Waters”, Trans. AIME 
(1947) 170, 51: 


Mysels, K. J. and Stigter. D.: “A New Method of Measur- 
ing Diffusion Coefficients”, Jour. Phys. Chem. (1953) 57, 
104. 


3. Fait, I.: “Pore Structure of Sintered Glass From Diffusion 
and Resistance Measurements”, Jour. Phys. Chem. (1959) 
63, 751. 


4. Fatt, I.: “The Network Model of Porous Media, I, II and 
III’, Trans. AIME (1956) 207, 144. 


Collins, R. E. and Crawford, P. B.: “Calculations of Un- 
steady-State Gas Flow Through Porous Media, Corrected 


for Klinkenberg Effect”, Trans. AIME (1953) 198, 339. 


6. Wallick, G. C. and Aronofsky, J. S.: “Effect of Gas Slip 
on Unsteady Flow of Gas Through Porous Media—Experi- 
mental Verification”, Trans. AIME (1954) 201, 322. 


7. Aronofsky, J. S. and Jenkins, R.: “Unsteady Flow of Gas 
Through Porous Media: One Dimensional Case”, Proc. 


First U.S. Natl. Cong. of Appl. Mech. (1952) ASME, N., Y. 


8. Barrer, R. M.: “A New Approach to Gas Flow in Capillary 
Systems”, Jour. Phys. Chem (1953) 57, 35 


9. Putnam, J. A.: “Unidirectional, Transient Flow of Com- 
pressible Fluids in a Porous Medium”, PhD Dissertation, 
U. of California, Berkeley, 1943. 


N 


DISCUSSION 


L. L. HANDY 
MEMBER AIME 


For most reservoir engineering calculations involving 
fluid flow, the assumption is made that the porous me- 
dium is homogeneous. Seldom, if ever, is the assump- 
tion valid for actual reservoirs. It is of interest to de- 
termine how the behavior of heterogeneous reservoirs 
compares with that computed for homogeneous reser- 
voirs, Fatt’s paper presents an interesting discussion of 
the deviations which would be observed for certain 
types of heterogeneity during transient single-phase flow. 

The author has used a model for these studies which 
contains “dead-end” pore volume. The macroscopic 
systems which he is simulating, however, do not con- 
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tain dead-end pore volume as such. They are, rather, 
systems of heterogeneous permeability and porosity, 
e.g., vugular and fractured limestones. 

On a microscopic scale, Fatt found in previous 
studies no significant evidence of dead ends in single- 
phase systems. The speculations in the present paper 
about the possibility of dead ends in multiphase sys- 
tems are neither supported nor refuted by evidence pre- 
sented in the paper. It is, therefore, somewhat mislead- 
ing to suggest in the title that this paper is a study of 
dead-end pore volume in porous media. The only dead 
ends were those in the model, without any evidence that 


7 
2pu 
\2 
A | 
; 
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this is a very general model of natural porous media. 
The paper might more appropriately be entitled “Pres- 


sure Transients in Heterogeneous Porous Media” with- 
out reference to the unproved concept of dead ends. 


There are three volume terms used to describe porous 
materials; they are the pore volume, grain volume, and 
bulk volume. In a homogeneous porous material we 
expect the pore size distribution to be reasonably nar- 
row. For the purposes of the laboratory model, I have 
chosen to enlarge a few pores to a relatively enormous 
size. These few pores were made so large that, under 
certain conditions, they strongly influenced transient 
flow behavior. 

This distortion of the pore size distribution is needed 
only for a laboratory model. The mathematical analysis 


of the problem is not limited by the laboratory model. 
The mathematical solution which is now being pre- 
pared for publication predicts behavior of a system in 
which the dead-end pores are of the same size as the 
normal pore. 

Handy is correct in stating that this paper gives noo 
evidence for dead-end pores in multiphase systems. Be- 
fore such evidence can be produced, some means must 
be devised for detecting dead-end pores. This paper 
presents a possible method. Further work will be needed 
to collect the evidence, if indeed there is any. ak 
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The Effect of Particle Size Distribution and Exchange 
Cation on Gel Properties of Fractionated 
Bentonite Suspensions 


F. W. JESSEN 
MEMBER AIME 
NECMETTIN MUNGAN 
JUNIOR MEMBER AIME 


The plastic flow characteristics of clay water suspen- 
sions were first recognized by Bingham’ in 1916 and 
further studied by Ambrose and Loomis’ in 1931-1932. 
Many physical and chemical properties of clay suspen- 
sions are deeply influenced by particle size distribution 
as well as by the exchange cation, Separation of a num- 
ber of fractions is particularly helpful in making a de- 
tailed study of a suspension. A limited amount of work 
has been conducted on the effects of particle size on 
specific properties of mud drilling fluids. A knowledge 
of particle size distribution is essential for a better un- 
derstanding of fundamental properties of clay suspen- 
sions, particularly viscosity and gel strength. The pur- 
pose of this investigation was to study the effect of par- 
ticle size on the viscosity and gel properties of clay sus- 
pensions and to determine any changes in mineral com- 
position accompanying variation in size. 


Numerous methods may be used to fractionate a 
poly-dispersed clay suspension into nearly mono-dis- 
persed systems. Particles larger than 44 micron (325- 
mesh) may be obtained by wet screening. 

For sizes from 44 to 1 micron, the fractionation may 
be accomplished by sedimentation,”* elutriation plus mi- 
croscopy,’ or turbidimetry.” When dealing with systems 
which contain a major portion of particles below 1-mi- 
cron size, slit ultramicroscopy,’ centrifuge methods of 
Svedberg,* Beams,’ and McBain,” and X-ray methods" 
may be employed. The Sharples super centrifuge has 
been proved suitable for the economical separation of 
suspended particles of submicron range.” 

Three-hundred and forty-five gal of 1 per cent by 
weight Aquagel suspension was mixed in a high-speed 
5-gallon mud mixer and the suspension was allowed to 
stand in 5-gal glass bottles for 30 days to assure full 
hydration. All particles larger than 44 microns were re- 
moved by wet screening. Five fractions in the range of 
44 to 1 micron were obtained by sedimentation. 

The Sharples super centrifuge method described by 
Hauser and Reed,” Norton and Speil,“ Hauser and 


Original manuscript received in Society of Petroleum Engineers 
office Mar. 5, 1959. Revised manuscript received Aug. 27, 1959. 
Paper taken from a thesis by Necmettin Mungan submitted in par- 
tial fulfillment of the reyuirements of the MS degree in petroleum 
engineering at the U. of Texas, Aug. 1958. 


1References given at end of paper. 


VOL. 216, 1959 


THE U. OF TEXAS 
AUSTIN, TEX. 


5 


6 


Lynn,” and Hauser and Schachman,” was employed to 
yield five fractions of submicron size. A super centri- 
fuge operation chart prepared by Fancher, Oliphant, 
and Houssierre” was used to determine operating con- 
ditions for the desired particle ranges. The clay suspen- 
sion, after removal of all material above 1-micron size, 
was centrifuged. During rotation of the bowl, the par- 
ticles were deposited on a thin plastic liner which fit 
closely inside the bowl. After passing 5 gal of suspen- 
sion through the centrifuge, the liner was removed and 
the particles on the liner were scraped off, remixed and 
recentrifuged. This was repeated five times. Thus, Frac- 
tions H, I, K, and L were obtained. The finest fraction, 
M, remained in an approximately 0.4 per cent suspen- 
sion. 

Water was evaporated under reduced pressure from 
this suspension to yield the finest particles. Results of 
the fractionation are included in Table 1. 

In order to achieve proper orientation and humidity 
conditions for X-ray diffraction analysis, the following 
procedure was employed. The dilute suspensions were 
placed on glass slides and allowed to dry at room tem- 
perature. This was repeated several times. Previous to 
measurement each sample first was placed in a water 
desiccator for half an hour and then allowed to stand 
for 15 minutes at room temperature, thus yielding an 
equilibrium condition of about 52 per cent relative hu- 
midity. The relative humidity of the room in which the 
X-ray diffraction was carried out was maintained at ap- 
proximately 50 per cent so that there was no change in 
the spacings during the X-ray examination. Samples 


TABLE 1 — FRACTIONATION RESULTS 
Total original sample: 7,300 grams 
1 

Correction factor for percentages = ( ibs) aoe | = 1.09685 
Fraction Size Weight of Sample Per cent of Corrected Per 
= (microns) ____ (grams) als _ Sample cent of Sample 

B + 40 250 3.42 3.76 

G 40 to 20 120 1.64 1.80 

D 20 to 10 190 2.60 2.85 

E 10 to 4 160 oP Ie 2.40 

F 4to2 140 1.92 2.10 

G 2 tol 200 2.74 3.00 

H 1 to 4 300 4.11 4.51 

! 0.4 to 0.3 600 8.21 9.00 

K 0.3 to 0.15 800 10.95 12.01 

L 0.15 to 0.05 1400 VOU7 21.03 

M 0.05 2500 34.22 37.53 

Total 6,660 99.99 
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were run on a North American Phillips High Angle 
Spectrometer using Copper-K, X-radiation and a Ni 
filter. 

Many methods for representing particle size distribu- 
tion have been proposed, A most useful one is to plot 
total weight per cent of solids with smaller diameter 
than a given diameter, D, against D, where D is the 
equivalent spherical diameter. Such a plot for the Aqua- 
gel sample tested is shown in Fig. 1. A more useful 
curve is obtained by plotting the slope of the distribu- 
tion curve at different values of D against D as is done 
in Fig. 2. The area under the frequency curve between 
D, and D, represents the weight per cent of the total sol- 
ids having diameters between D, and D.. The weighted 
average particle size may be determined by dividing each 
segment of the distribution curve into two parts of equal 
area and reading the corresponding size from the curve. 
The weighted average sizes for the fractions tested are 
given in Table 2. Samples B to F, from 44 to 1 micron 
and representing about 13 per cent of the original sam- 
ples, were mostly sand and were not tested. 

Suspensions of the samples shown in Table 2 were 
prepared in the concentrations of 2, 4, 6, 7 and 8 per 
cent by weight. They were allowed to stand for one 
week. Viscosity and gel strength were determined by 
the Stormer Viscometer, the Fann V-G meter and the 
Bendix Ultra-Viscoson. The principle and use of Ben- 
dix Ultra-Viscoson has been described.” 


USS 


X-ray diffraction patterns for the fractions tested are 
represented in Figs. 3, 4, 5 and 6. The first order basal 
spacings are given in Table 2. 

Williams” and Roth” have shown that at 50 per cent 
relative humidity, a sodium montmorillonite has a sin- 
gle water layer giving a symmetrical (001) basal 
spacing of about 12.4 °A, while calcium and/or mag- 
nesium montmorillonite has a double water layer and a 
symmetrical (O01) basal spacing of about 15.6 °A. 
Mixture of these two clays lead to intermediate (001) 
basal spacings. 
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TABLE 2 — WEIGHTED AVERAGE SAMPLE SIZES 
Size Weighted Average First Order Basal 


Sample (microns) Size (microns) Spacings (°A) 
A 2.0 13.2 
G 2 tol Te, 14.0 
H 1 to 0.4 0.71 14.3 
| 0.4 to 0.3 0.36 14.8 
K 0.3 to 0.15 0.23 15.0 
L 0.15 to 0.05 0.10 14.3 
M 0.05 0.025 12.8 


Study of the basal spacings given in Table 2 indicates 
that the original Sample A contains two essential phases 
—one consisting primarily of sodium clay while the 
other consists of calcium clay. The basal spacings of 
Fractions G, H, I and K indicate a double water layer 
and increased Ca** ion. Fraction L contains a large por- 
tion of Na‘ clay, and it appears that the break point is 
between K and L. Fraction M contains primarily Na 
ion and therefore constitutes a completely separate 
phase. When a clay of heterogeneous mineralogical 
composition is centrifuged, it appears that the calcium 
ion is concentrated in the coarse fraction, whereas the 
sodium ion remains in the finest fraction. 

In Fig. 7, an increase in plastic viscosity and yield 
point is indicated for fractions of decreasing particle 
size. The number of particles and total surface area of 
clay are computed and tabulated in Table 3 while Table 
4 shows the relative values using Sample A as a basis. 


In Fig. 8, plastic viscosity is plotted against surface 
area for Fractions G, H, I, K, L and M. It is observed 
that this graph is composed of two portions, with a 
break point at about L. For both of these distinct 
clay phases, the plastic viscosity is directly proportional 
to the clay surface area and thus is related to the par- 
ticle size. The X-ray results for the mineral composi- 
tions of the clay fractions correlates very well with 
the plastic viscosity indications of Fig. 8. 

Stormer viscosity values increased with decreased 
particle sizes. Results similar to the data plotted in Fig. 
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8 were obtained when using the Stormer viscosity data. 

The Ultra-Viscoson indicated viscosity readings vs 
time are shown in Fig. 9 for 7 per cent suspensions of 
the various clay fractions. Toktar and Jessen” con- 
cluded that the Ultra-Viscoson readings become con- 
Stant when the rate of formation of gel structure is 
equal to the rate of breakdown. In order for a gel of a 
given strength to be formed, a suitable number of par- 
ticles must take up equilibrium (oriented) positions 
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within the suspension. As this process is one which oc- 
curs at random, a finite time is required to accomplish 
gelation. At a given concentration, the smaller the par- 
ticles, the closer the packing and subsequently greater 
attraction between particles, and there is more chance 
of rapid orientation with accompanying quicker forma- 
tion of gel structure. 

The sum of the product of the constant indicated vis- 
cosity and the per cent surface area for any number of 
fractions was found to be proportional to the per cent 
total surface area of all the fractions involved multi- 
plied by the constant indicated viscosity of a suspension 
containing the respective percentage of each fraction. 
This may be expressed as 

XV, =C XA, XV, 
where i = G, H, I, K, L, M, 
A; Surface area of the i fraction, 
V, = Constant indicated viscosity for the i frac- 
tion, 
C = A constant. 
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TABLE 3 — SURFACE AREA AND THE LENGTH OF PARTICLE EDGES FOR DIFFERENT AQUAGEL FRACTIONS 


Equiv. 
Spherical Vol. of 
Dia. One Particle 
Sample 
D XxX 10° Vp X 10% 
A 20.00 4188.80 
G 15.00 1767.00 
H 7.00 179.60 
| 3.50 24,45 
K 2.25 5.964 
L 1.00 0.52361 
M 0.25 0.00799 


TABLE 4 — PARTICLE NUMBERS AND PARTICLE DIMENSIONS AS MULTIPLES 
OF THE SAME QUANTITIES FOR SAMPLE ''A’’ 


Equiv. Total Surface 
Spherical No. Particles Area per Gram 
Sample Dia. _per Gram of Clay of Clay 
A 1.000 1.0 1.00 
0.750 2.37 1.33 
H 0.350 23.32 2.86 
i 0.175 171.32 4,86 
K 0.113 702.35 8.82 
L 0.050 8000.00 20.00 
M 0.015 524127.00 81.79 


In Table 5, 3A; V; values are tabulated for 2, 4 and 
6 per cent suspensions. If these values are divided by 
the corresponding constant indicated viscosities of the 
original sample, the proportionality constant is obtained. 
For example. 


8.347 740 = 1.128 
Gr = 17.95/1SA0. = 1.131 

Average = 1.129 


Therefore, 
This result is rather significant inasmuch as once the 
particle size distribution is known, it becomes possible 
to predict viscosity of any mixture of fractions. 


The extent to which individual fractions influence 
different properties of the suspension is shown by the 
fact that Samples K, L and M account for the major 
part of the gel strength of the original suspension. Figs. 
10, 11 and 12 show the definite variation obtained when 
thixotropic conditions exist. Little or no effect on the 
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Fic. 8—Cuiay Surrace AreA AS MULTIPLE OF 
Surrace AREA OF FRACTION G. 


Surface 
No. of Area of 
Particles each 
per Gram Particle 
of Clay (cm?) 
NX Sp X10” 
1.04 1256.0 
2.46 706.5 
24.21 153.9 
177.83 38.46 
729.04 15.78 
8304.04 3.14 
544044.0 0.196 


Total Surface 
Area per 
Gram of 

Clay 

(cm?) 

13.037 
17.380 
37.249 
68.393 
115.043 
260.746 
1066.326 


plastic viscosity or gel strength is exhibited by hydra- 
table particles at concentrations up to 8 per cent even 
though the size is decreased to an average equivalent 


diameter of .36 microns. 
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TABLE 5 — THE SUM OF THE PRODUCT OF SURFACE AREAS BY THE CONSTANT INDICATED VISCOSITIES 


(Col. 3) 
(Col. 2) Surface 
(Col. 1) Per cent of each Area (Col. 4) 
Sample Fraction (cm?/gm) (23) 
G 3.0 1.33 0.0399 
H 4.5 2.86 0.1287 
| 9.0 4.86 0.4374 
K 12.0 8.82 1.0590 
L 21.0 20.0 4.2060 
M 37.5 81.8 30.6960 
Total 36.5670 


SUMMARY 


The effect of particle size and exchange cation on 
the gel properties of drilling muds was studied. 

It was found that by centrifuging a montmorillonite 
containing monovalent and divalent cations, at least two 
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(Col. 5) 
Percent Surface (Col. 6) (Col. 7) (Col. 8) 
Area Constant Indicated Viscosities 
Ai = Multiplied by Per Cent Surface Areas 
Y(Col. 4) 6% 2%, 
0.11 
0.35 — —- 
1.19 0.05 0.03 0.03 
2.90 0.22 0.12 0.07 
11.50 1.15 0.64 0.29 
83.94 16.53 7.55 3.36 
99.99 17.95 8.34 3.75 


distinct phases were obtained. One phase constituted 
the relatively coarse fractions and contained primarily 
Ca** ions; whereas, Na‘ ions seem to concentrate in the 
finer fractions. 

Plastic viscosity and gel strength are related primarily 
to the quantity of Na* clay present and the surface area. 

Suspensions of different particle sizes of the same clay 
may indicate the same plastic viscosity if the solid con- 
centrations are selected such that all suspensions have 
equal amounts of clay surface area. For clay of equal 
particle sizes but different exchange cation, different 
plastic viscosities are observed. 

A study of the properties of fractions of monoca- 
tionic clay suspension containing particles of one size 
is helpful in understanding the gel characteristics. The 
viscosity and gel properties of a suspension may be pre- 
dicted rather accurately if the particle size distribution 
and the cation composition of the clay is known. 
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Unsteady-State Liquid Flow Through Porous Media 
Having Elliptic Boundaries 
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ROD U eT LON 


A large number of boundary value problems encoun- 
tered in unsteady-state heat transfer, fluid flow through 
porous media, neutron diffusion and mass transfer in- 
volve the solution of a linear, parabolic partial differen- 
tial equation commonly referred to as the diffusivity 
equation, 


where U is the dependent potential variable, K is the 
diffusivity (hydraulic, thermal, neutron, etc.) and f is 
the time variable. Solutions to Eq. 1 are available in the 
literature for a wide variety of initial and boundary con- 
ditions..* The great majority of these solutions are ob- 
tained for geometric boundaries corresponding to linear, 
cylindrical or spherical flow models. 


A typical engineering application where the solution 
to Eq. 1 is required is the calculation of underground 
water encroachment across the boundaries of oil or 
natural gas reservoirs, In this particular area of applica- 
tion, the reservoir boundary is invariably approximated 
by circular geometry. However, the areal shape of many 
reservoirs can be better approximated by elliptic rather 
than circular boundaries. Thus the need for a general 
method of solving the diffusivity equation in elliptic co- 
ordinates arises in this problem as well as in other en- 
gineering applications involving elliptic boundaries. 

The solution to the diffusivity equation usually in- 
volves the Error Function for the linear flow model, 
Bessel functions for the radial flow model and trigono- 
metric or Legendre functions for the spherical flow 
model. It is well known that the general solution to the 
diffusivity equation in elliptic coordinates involves 
Mathieu functions. The significance of Mathieu func- 
tions in the analytical treatment of the diffusivity equa- 
tion in elliptic coordinates is discussed in the litera- 
ture.“ However, these references do not provide analy- 
tical solutions useful in practical engineering problems. 


The objectives of this paper are the development of 
the equations describing the unsteady-state liquid flow 
through a porous medium with an elliptic inner boun- 
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dary, the development of a numerical method of solv- 
ing these equations and, finally, a comparison of the 
water encroachment quantities calculated from the el- 
liptic flow equation with those calculated from the ra- 
dial flow equation. While the specific problem treated in 
this paper relates to unsteady-state liquid flow through a 
porous medium, the basic equations and computational 
techniques developed will apply equally well to problems 
occurring in the other areas of engineering interest men- 
tioned previously. The solution given here is limited to 
a single case in which the outer boundary encloses an 
area 100 times that of the inner boundary. 


DESCRIPTION OF THE FLOW MODEL 


Fig. 1 shows the flow model upon which the calcu- 
lations presented in this paper are based. The inner 
and outer boundaries of the flow model are represented 
by two confocal ellipses with major and minor axes, re- 
spectively, equal to 2a,, 2b,, and 2a, and 2b,. The height 
of the elliptic cylinder flow model is denoted by h. 

The following assumptions are employed in the de- 
velopment of the equations governing the unsteady-state 
liquid flow through the described flow model. 

1. Uniform porosity and permeability throughout the 
flow model 


Fic. 1--Gromerric RELATIONSHIPS BETWEEN CARTESIAN AND 
ELLirvtTic PLANAR COORDINATES. 
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2. Isothermal flow 
3. Two-dimensional flow in the horizontal plane, i.e., 
no flow in the vertical direction. 


THE DIFFUSIVITY EQUATION IN ELLIPTIC 
COORDINATES 
The diffusivity equation governing unsteady-state 
liquid flow through a porous medium has been derived 
in the literature* and is given here as Eq. 2. 


Op 


P k Ot (2) 


where p = liquid pressure, psia, 
= sum of liquid and porous medium compres- 
sibilities, vol/vol — psia, 


— =porous medium mobility, ft*/sec-psia, 
fed 


@ = porous medium porosity, fraction. 


The form of the term V’'p is determined by the geometry 
of the particular flow model being considered. For ex- 
ample if the flow model is a circular cylinder and if the 
flow is assumed radial, then Eq. 2 becomes 


where r is the radius from the center of the cylindrical 
flow model. 

The form of the diffusivity equation governing un- 
steady-state liquid flow in a porous medium having el- 
liptic boundaries is obtained by expressing V’p in ellip- 
tic coordinates. The general expression for the three-di- 
mensional Laplacian of a dependent variable p(u, v, 
Ww) in curvilinear coordinates u, v, and w is” 


1 By op 
V plu, v, w) = 


OV OW Cow 


A 2 2 
Ow Ow 


The following relations between elliptic and cartesian 
coordinates can be used to determine a, # and y from 
Eqs. 5, 6 and 7 


Substitution of a, 8 and y into Eqs. 4 and 2 then yields 


Eq. 11 is the diffusivity equation relating the dependent 
variable p to the elliptic planar coordinates u and v and 


; 
the time variable ¢. The term poe does not appear in 
Ww 


equation because of Assumption 3, previously stated. 


The geometric relationships between the cartesian 
planar coordinates x and y and the elliptic planar co- 
ordinates u and v are shown in Fig. 1. The confocal 
ellipses (along which u is constant) and the confocal 
hyperbolas (along which v is constant) are mutually or- 
thogonal or perpendicular to one another at points of 
intersection just as the lines x = constant and y = con- 


stant are mutually orthogonal in the cartesian coordinate 
system. 


EQUATION DESCRIBING THE LIQUID FLOW 
ACROSS AN ELLIPTIC BOUNDARY 


Darcy’s flow equation relates the superficial fluid ve- 


locity in a porous medium to the pressure gradient in 
the manner 


k => 
where V is the velocity vector, ft/sec, p’ is the liquid 
specific weight, lb force/cu ft and w is the vertical dis- 
tance coordinate, feet. The gradient of the dependent 
variable p(u, v, w) is expressed in the elliptic coordi- 
nates u, v and w as 
a Ou B ov y ow (lz) 
Substitution of the previously determined expressions 
for a, 8 and y yields 


1 
cosh'u — cos v 
f 
(14) 


Substituting Vp from Eq. 14 into Eq. 12, one obtains 


L u 


(15) 


At any given point on an ellipse, uw = constant, the 
term ——j is proportional to the velocity vector com- 
ov 
ponent in the v direction, or in the direction tangent to 
an > 
the ellipse at that point. The term ae j can therefore be 


deleted from Eq. 15 in this case, since the flow across 
elliptic boundary u = constant is being considered. Also, 


the term in Eq. 15 can be set equal to 
ow 44 


zero since Assumption 3, Mak- 
Ow 144 


ing these simplifications in Eq. 15, one obtains 


where K = a constant and 
V = V(v,t) = fluid velocity in negative wu direction 
across the elliptic boundary u = K, ft/sec. 


The volumetric rate of liquid flow across an infinitesi- 
mal area element, dA, at the elliptic boundary is simply 
VdA, or 


Ly cosh*u — cos v u=K 


where dA = hds, sq ft, 
s = arc length on ellipse u = K, ft, 
g = q(t) = volumetric liquid flow rate 
across entire elliptic boundary, 
= IK, CU 
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The differential arc length ds is given on the ellipse by 

ds = Bdv = f\/ cosh*u dv 
and substitution of hf \/cosh*u —cos’v for dA in Eq. 
17 yields 


u=K 


Because of flow symmetry about the x and y axes (see 
Fig. 1), g can be obtained by integrating dq over the 
first quandrant from v = 0 to v = 7/2 and multiplying 
the result by four. 


7/2/90 
Ou u=K 


0 


A dimensionless water influx term, Q,,,, can now be 
defined as 


ton 
0 
where tpx = -= dimensionless time for elliptic flow 
= 1/2 op 
and q(ton) = = dy. The actual cubic 
u=K 


feet of cumulative water flow across the elliptic boun- 
dary up to time f is related to Q,,,,, as 


NUMERICAL SOLUTION OF THE DEVELOPED 
EQUATIONS 


Definition of the new variables, 


kt 
and 
simplifies the diffusivity Eq. 11 to Eq. 23. 


2 2 op 
cosh’ (u) cos (v) 
This equation has been solved numerically for initial 
and boundary conditions specifying an initial uniform 
pressure drop of zero throughout the flow model, a pres- 
sure drop of one for all time at the gas bubble boundary 
u = u,,no flow across the aquifer exterior boundary u = 
u,, and no flow (because of symmetry) across the por- 
tion of the x axis (a; < x <a.) represented by v = 0 
and across the portion of the y axis (b; < y < b,) rep- 
resented by v = 7/2 (Fig. 1). 

The alternating-direction implicit difference method, 
proposed by Peaceman and Rachford,* has been em- 
ployed in solving Eq. 23 for the above initial and boun- 
dary conditions. In applying this method one obtains at 
each time step a system of simultaneous difference equa- 
tions. A technique given by Richtmyer’ has been em- 
ployed to solve this system of equations on an IBM 704 
digital computer. 

The term Q,,,, has been calculated as a function of 
tpn for a selected elliptic cylinder flow model. The in- 
ner boundary of this model was specified as the el- 
lipse u = u, = 0.4. This uw value corresponds to an 
eccentricity of 0.925 or a ratio of 2.63 between major 
and minor axes. The exterior closed boundary was taken 
as the confocal ellipse on which u = u, = 2.6, The cal- 


culated Om” values are listed in Table 1 and are plotted 
in Fig. 2 as a function of dimensionless time fpy. The 
calculations were programed in the FORTRAN com- 
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piler code and were carried out by an IBM 704 digital 
computer. * 

The area ratio of the elliptic flow model considered 
here is 101.3, where the area ratio is defined as the area 
included within the exterior boundary divided by the 
area of an ellipse is sab where the semi-major axis (a) 
is f(coshu) and the semi-minor axis (b) is f(sinhu), 
the 101.3 value is obtained as 

xa,b, cosh(2.6)sinh(2.6) _ 


— 1013. 
cosh(.4)sinh(.4) 


COMPARISON BETWEEN ELLIPTIC AND 
RADIAL FLOW 


Van Everdingen and Hurst’ have treated the case of 
unsteady-state liquid flow in a porous circular cylinder 
model. They solved the diffusivity equation governing 
radial flow and presented tables of a dimensionless pro- 
duction quantity, Q,,. Fig. 2 shows Q., plotted vs tp 


where tp = _ = dimensionless time for radial 


flow, for the case of a flow model having an exterior 
radius 10 times the interior radius. The initial and boun- 
dary conditions employed in calculating these particular 
Q., values are identical to the conditions used here in 
solving the elliptic flow diffusivity equation. 

The basis of comparison between elliptic and radial 
flow cannot be equal distances between the interior and 
exterior boundaries of the elliptic and radial flow models 
because the former model has no single dimension 
analogous to the radius of the latter. Comparison has 
therefore been made on a basis of equal areas encom- 
passed by the exterior ellipse and the exterior circle and 


xThis program can be obtained as a printed listing of instruc- 
tions by writing to the authors. 


—e——e—__ RADIAL _ FLOW, FROM VAN EVERDINGEN & nurst! 
a ELLIPTIC FLOW, FROM NUMERICAL SOLUTION OF 
DIFFUSSIVITY EQUATION 


RADIAL FLOW DIMENSIONLESS TIME 
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ELLIPTIC FLOW DIMENSIONLESS TIME 
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Fic. 2--Q,,, AND Q;,, Vs DimeNsIonLess TIME. 
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equal areas included within the interior ellipse and 
the interior circle. Thus, for equal thicknesses, each 
flow model contains the same volume (or mass) of 
water. The equality between the areas included within 
the interior boundaries yields the relationship 
mr, = = x(fcoshu,) (fsinhu,) = .445f° . (24) 
where the area of the interior ellipse is a,b, or 0.445f 
since u, = .4 for the case considered here. Eq. 24 is 
employed in relating fp to fp» as 
Corresponding Q,,, and Ogee values should therefore be 
taken at tp = 2.245tp, rather than at tp = top. 


Equality of the areas enclosed by the exterior boun- 
daries is assured by equal area ratios for the elliptic 
and radial flow models, provided equal areas are in- 
cluded within the corresponding interior boundaries. 
The area ratio of the elliptic flow model considered 
here is 101.3, as mentioned above. However, radial flow 


Q,,, quantities are not tabulated in the literature for this 


ratio, and available Q,,, values corresponding to a ratio 
of 100 (exterior radius equal to 10 times interior ra- 
dius) have therefore been used here. 


The actual cubic feet of cumulative water influx into 
the circular sink, Q,, is related to Q,, as 


Thus, a comparison between the actual water influx into 
the elliptic sink and that calculated by approximating 
the ellipse as an equal area circle and employing the 
radial flow equation is afforded by the ratio 


0, 


0:5 4hocf APO 


where Q,, is given as 4hfcf'ApQ,,, by Eq. 22. The 
equality, O./Q,, = 1, would denote exact duplication 
of the elliptic flow results by the radial flow results for 
an equal area circle. 


The ratio, QO,/Q.», has been calculated as a function 
of dimensionless time, t,,, and is tabulated in Table 1 


and plotted in Fig. 3. Errors in the computed Owe val- 


ues and in the Q,,, quantities contribute to the tabulated 
and plotted error in Q,/Q,,. Fig. 3 shows that applica- 
tion of radial flow calculations to the elliptic flow case 
results in an error of the order of 7 per cent in Q, for 
small dimensionless time. The error decreases as dimen- 
sionless time increases and approaches zero (i.e., Q,/ 
Q.2 approaches 1.0) for large time. This approach of 
Q./Q» to one for large time is a good check on the ac- 
curacy of the calculated Q,,, values, since for large 
time the pressure drop approaches a steady-state uni- 
form value of one, and the total expansion of the equal 
volumes of water in both flow models (i.e., the cumu- 
lative influxes QO, and Q,,) should be identical. 


TABLE IQ: AND Qt, AS FUNCTIONS OF DIMENSIONLESS TIME, t¢ 


EB DE 
Q Qi 
2.245 Er max. percentage error in Er, = max. percentage error in Q1/Qt, 
Q Q:, 
E DE 
Ere, 
Per cent 
Max. Max. 
ral Er = Pos. Neg. 
toy Per cat _Error Error 
0 0 0 
4.4 
1.2920 1.9 
1 1.9892 98 2.245 2.636 0.98 
3.1614 
3 4.1801 -50 6.75 5.598 .50 
4 5.1163 59 
6 6.8388 42 1325 9213 
8 8.4279 
10 9.9166 22.45 13.42 .192 .35 
15 13.2753 
20 16.1852 .30 45 22.09 955 .288 .30 
25 18.7080 
30 20.8955 
35 22.7921 
40 24.4366 29 
45 25.8625 
50 27.0988 29 1121.1 37.33 .377 
55 28.1707 
60 29.1001 
65 29.9059 
70 30.6046 
75 31.2104 
80 31.7057 30 180 44.21 975 488 30 
85 32.1911 
90 32.5860 
95 32.9284 
33.2252 
33.7057 247 47.12 .980 3 
120 34.0669 
130 34.3384 
140 34.5424 132 314.3 48.45 -982 .886 “oz 
150 34.6958 
160 34.8110 
170 34.8976 32 382 49.03 1.130 4 
34.9627 
260 35.0482 450 49.30 -985 1.321 we 
22 35.0964 
330 35.1119 516 49.5 -986 1.468 
260 35.1386 
280 35.1470 
300 35.1516 
320 35.1540 
340 35.1552 102 
360 35.1557 
380 35.1559 
400 35.1559. .32 900 50;15** 3999 .32 
426 35.1559 coz 


*AIl Qr, values (except 50.15) correspond to area ratio of 100 


**This Qt, value corresponds to the correct area ratio of 101.3 
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Frc. 3—Comparison Between AND RapIAL Flow. 


DISCUSSION OF RESULTS 


From Fig. 3, the conclusion can be drawn that the 
error incurred by applying radial flow calculations to 
elliptically shaped reservoirs is inversely proportional 
to the magnitude of the ¢, values employed in the cal- 
culations. For example, suppose an elliptically shaped 
reservoir (with a finite, impervious exterior boundary) 
is approximated by an equal area circle and Eq. 26 is 
employed to calculate the water influx, Q,, for some 
pressure drop, Ap, at the reservoir boundary. Then the 
error in Q, will be larger if the range of fp values, for 
the time period of interest, is 0 to 20 than if the range 
is 0 to 1000. This fact is evidenced by the curve plotted 
in Fig. 3, since the error in the calculated QO, value is 
larger for small ¢, than for large tp. The fact that the 
error in Q, ranges (approximately) from 7 to 2 per cent 
for intermediate t, from 2.245 (top = 1) to 224.5 (toe 
= 100) indicates that a need exists for analytical so- 
lution of the elliptic flow diffusivity equation for larger 
(more practical) aquifer-reservoir volume ratios. Tables 
of dimensionless production or pressure drop quantities, 
analogous to the tables presented by Van Everdingen 
and Hurst,’ could be developed from the analytical so- 
lution for inner elliptic boundaries of various eccen- 
tricities. Comparison of the tabulated elliptic and radial 
flow quantities (in a manner similar to that illustrated 
herein) would allow definite conclusions concerning the 
effect of reservoir areal shape on the field performance. 


NOMENCLATURE 


a = semi-major axis of ellipse, f cosh(w), feet 
b = semi-minor axis of ellipse, f sinh(u), feet 
c = sum of aquifer formation and fluid compres- 
sibilities, 1/psia 
f = foci of ellipse are at x = + f, y = 0, f in feet 
h = thickness or height of flow model, feet 
= mobility of aquifer formation, ft'/sec-psi 
p = pressure, psia 
Dp = pressure drop, p, — P, Psi 
p, = initial pressure, psia 


g = volumetric liquid flow rate across elliptic boun- 
dary, ft’/sec 
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O,, = dimensionless influx quantity for radial flow, 
tabulated by Van Everdingen and Hurst’ 


O,,,, = dimensionless influx quantity for elliptic flow 


Q, == cumulative liquid influx into inner circle of ta- 
dial flow model at time, f, ft’ 
QO, = cumulative liquid influx into inner ellipse of 
elliptic flow model at time, f, ft’ 
r = radius, feet 
r, == inner radius of circular flow model, feet 
r, == exterior radius of circular flow model, feet 


( Au ) 
R 
Av 


s = arc length on ellipse, feet 
t = time, seconds 


kt 
tp = dimensionless time for radial flow, = 2 
ton = dimensionless time for elliptic flow, = caer 
ILODC 


u,v,w = elliptic cylinder coordinates 
u, = value of u on inner elliptic boundary of flow 
model 
u, = value of u on exterior elliptic boundary of flow 
model 


V = velocity vector, ft/sec 
¢ = porosity, fraction 
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Some Aspects of the Streaming Potential and the 
Electrochemical SP in Shales 


F. BERNSTEIN 
C. SCALA 


Re 


General expressions are derived relating the streaming 
potential to the electrochemical potential of a permeable 
junction separating two electrolytic solutions. By the 
methods of irreversible thermodynamics, these poten- 
tials are related to the flux of mobile species arising 
from differences in pressure and chemical composition. 
The flux is conveniently expressed as a transference 
number, the equivalents of a mobile species transferred 
through the junction per faraday of electricity. At con- 
stant pressure, the flux equation gives the electrochem- 
ical potential across the permeable junction. The 
streaming potential across the junction is obtained by 
imposing the condition of constant chemical composi- 
tion. The familiar expression for the borehole SP is 
shown to be a particular solution of the general flux 
equation. 

The derived expressions were verified in experiments 
with seven shale samples. Both the theory and experi- 
mental data provide additional proof of the presence 
and magnitude of the streaming potential in shales. 


In the interpretation of electric logs, there has been 
much concern over the correction to be made to the 
recorded SP for an electrokinetic or streaming potential 
originating from the difference in pressure between the 
mud column and the formation. It was long recognized 
by M. R. J. Wyllie that such an electrokinetic potential 
source mas in the mud cake opposite permeable sands.’ 
More recently, M. Gondouin and C. Scala showed an 
additional but opposing electrokinetic source of poten- 
tial to be in shale beds. Their work was supported by 
the very extensive and excellent work of Hill and 
Anderson.’ In the present contribution, the general 
relationships between the electrochemical potential and 
the corresponding streaming or electrokinetic potential 
are examined and clarified. 

A notable advance towards understanding the rela- 
tion between the various sources of electrical potential 
in a borehole has been the application of the now com- 
mon methods of irreversible thermodynamics to describe 
the passage of ions and water through charged elec- 
trolyte junctions such as in shales.’ The advantages of 
these methods are twofold. Unlike classical thermo- 
dynamics, they can be applied to non-equilibrium sys- 
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tems, i.€., systems in which flow takes place, provided 
the flow processes have reached a steady state.” They 
also permit conventional thermodynamic properties to 
be related to the steady-state dynamic properties. These 
methods are used here specifically to derive expressions 
relating the potential behavior of shales in terms of ion 
and water transport. Experimental verification of the 
expression for the shale streaming potential is given 
which in turn offers theoretical support to the existence 
of a streaming potential in shales.* Importantly, the 
relative contribution of transport parameters to the SP is 
clarified. 


The theoretical treatment is essentially that of Lori- 
mer, Boterenbrood and. Hermans’ but has been extended 
to derive the general expression for the SP. 


Through a stationary permeable junction separating 
two solutions of NaCl of different concentration, I 
and II (i.e., NaCl [I]/permeable junction/NaCl1 [II]), 
there are three mobile species—H,0, Na* and Cl — 
which are denoted here respectively by the subscripts 
0, 1, and 2. The flux J; of any species i through the 
junction is governed by driving forces arising from the 
difference in the total thermodynamic potential du 
between the two solutions of all three components. At 
constant temperature and considering only chemical, 


pressure-volume and electrical work, du; is given by 


di; = dup Ve = 0.1.2) 
where F is the faraday, z,; the valence (z, = 0, z, = 1, 
z, = — 1), dE the potential difference, v, the partial 


molal or ionic volume and dp the pressure difference. 
The chemical potential dy, is 


where R is the gas constant, T the absolute temperature 
and a, the thermodynamic activity of component 1.* 
The general expression for the flux J; in terms of the 
so defined total thermodynamic potential is 
j 

The coefficient L;; expresses the interference of the 
flux of component j on the flux of component i and may 
be taken equal to the interference of i on j or L,,’. If 
j =i, the coefficient is proportional to the self-diffusion 


*A consistent set of units is obtained with F = 96,500 coulombs 
gions dE in volts, vi in em® g.ion—, dp in joule FR in joule 
mol-tdegree, ai in g.ion per 103kg. of solvent and Ji in g.ion 
em~sec-3, 
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coefficient of component i. Since L,; = Lyi, the system 
can be completely described under given conditions by 
the experimental determination of the six L, values 

For the purposes of this note, it is sufficient to deter- 
mine two independent transference numbers, The trans- 
ference number ¢, of a mobile species i is defined as the 
number of equivalents of the species i transported 
through the junction on the passage of one faraday. 
Since the current is carried only by ions, the ion trans- 
ference number represents the fraction of the current 
carried by a given ion. If ion transport is measured in 
the direction of positive current flow, the fraction f, is 
positive and f, is negative. In the above cell, the current 
is carried only by Na* and Cl. Thus, ¢, — t = 1. In 
general, water is also transported during the passage of 
ions or when current flows through a charged junction, 
but the sign of the water transference number ft, must 
be determined experimentally. Generally, with nega- 
tively charged junctions, ¢, is positive and t, > — h. 

The transference number of the ith species can be 
expressed in terms of the flux by 


dj 
=. 4 
I/F 
where the current density through the junction I (A- 
cm”) is 
i 


At constant chemical potentials and pressure (du. = 
dp = 0), the instantaneous value of the transference 
number can be expressed in terms of the L;; coefficients 
by substituting Eqs. 1, 3 and 5 in Eq. 4 to give. 


ij 
from which it follows that 


as stated above. 

Eq. 3 can now be solved for dE between I and II as 
a function of the chemical and pressure-volume terms 
with the use of Eqs. 1, 5 and 6 to give 

I 
17 

Eq. 8 is the general equation for dE and, if no sig- 
nificant current is drawn in measurement (J = 0), be- 
comes 

FdE = — t,(du + vdp) — vodp) 

where dy, and v are now the chemical potential differ- 
ence and partial molal volume, respectively, of the so- 
dium chloride; i.e., du. = dx + dus = RT dina’yac and 


FdE = 


The single-ion quantities in Eq. 9 can be further elim- 
inated by measuring the potential dE with chloride-re- 
versible electrodes such as Ag/AgCl which adds the 
term, 


to give 


At constant pressure and using the well known Gibbs- 
Duhem relation, 


= — 0.018m dp, 
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Eq, 11 becomes 
F 


with the molality m in moles of NaCl per kilogram of 
water. Eqs. 11 and 12 apply to any type of junction, 
charged or uncharged, between Solutions I and IU. 
In a borehole, the single-ion quantities in Eq. 9 are 
similarly cancelled out when the liquid junction poten- 
tial in the sand between Solutions I and II is added in 
series to the potential across the shale between the same 
solution pair to obtain the spontaneous potential or SP 


Thus 


= (1, — 0.018m (12) 


(Shale) (Sand) 
=F | dE + F 


I II 
If 


= | | (t,/ — t,)(dp + vdp) + (ty — ty) (dpo + vodp) 


I 

where ?’ and t refer to the transference numbers through 
the liquid junction and shale, respectively. Solutions I 
and II are of course the mud filtrate and the formation 
water, respectively. At constant pressure, Exp becomes 


II 
2R 
= | — t,) — 0.018m — t,) dinaxaci 


I 
(14) 
For a perfect shale-clean sand combination at 25°C, 
t,/ = 0.4, t, = 1, and t,’ = t, = 0 are conventionally as- 
signed and Eq. 14 takes the familiar form, 


Ams 

The shale streaming potential coefficient (dE.,/dp) fol- 
lows directly from Eq. 11 or from the shale potential 
terms in Eq. 13 for the case when Solutions I and II 


are identical, or du = du) = 0. The expression is sim- 
ply, 
dE, 
dp 


It is important to emphasize that these equations 
are applicable to any porous medium saturated with 
electrolytic solution such as shales, shaly sands or mud 
cakes. The differences are accounted for by the values 
of the transference numbers. Furthermore, Eq. 16 pro- 
vides a connection between electrokinetic and membrane 
potentials in readily measurable terms. 


Experimental verification of the electrokinetic and 
membrane potential equations is described below, 


The streaming potential coefficient values dE/dp for 
shales in various sodium chloride solutions experimen- 


TABLE 1 — ORIGIN AND AGE OF SHALE SAMPLES 
Shale Sample Location or Field State Age or Depth 
Ref. 2 
7 Reagan County Tex. Permian 
(Spraberry) 
11-1 Houston County Tex. Upper Cretaceous 
(Woodbine) 
E Hovenweep Utah 5,880 ft 
14 San Luis Obispo Calif. Middle Miocene 
County 
D Neves Mont. 7,067 ft 
G Williams N.M. 11,235; 
(© Colorado County Tex. 9,057 ft 
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tally determined by Gondouin and Scala’® and direct 
measurements of ft, on the same shales were used to 
verify Eq. 16. The origin and age of the shale samples 
are given in Table 1. 

Partial molal volumes at 25°C were determined gra- 
phically from density-composition tables of NaCl so- 
lutions.” The values are v = 19.0 and 20.8 cm* mol” at 
0.1 and ‘0.5 molal, respectively, and v, = 18.05 cm’ 
mol” at both 0.1 and 0.5 molal. 


Water transference numbers f, were measured in a 
cell shown in Fig. 1. The cell is made of Lucite and con- 
sists of an anode and cathode compartment with the 
shale sample mounted between the two. Liquid-tight 
seals were provided by O rings. The electrodes were 
sandwiched silver rings and silver screening riveted 
with heavy silver wire. The cathode was chloridized in 
0.IN NaCl with a current of 10 mA periodically re- 
versed for short times (~ 30 seconds) to give a more 
porous AgCl coating. Three times as much AgCl was 
deposited as was required in a normal run. 


Each end compartment was connected via Tygon tub- 
ing to a calibrated capillary tube (0.025 cm*’/cm) for 
volume change measurements. Both capillaries were in 
the same horizontal plane over a mirrored scale to avoid 
hydrostatic differences. 


The field core sample was potted in epoxy resin and 
placed between the end compartments. The shale sam- 
ples (about %-in. thick) were vacuum impregnated 
with test solution and then heated at 50°C for at least 
24 hours under the test solution prior to measurement 
OM 


The current source was a regulated power supply fed 
to the cell via a constant current converter (Model 
CC60, Electronic Associates, Inc.). The current was 
measured by recording the potential drop across a stand- 
ard resistor with a L & N Speedomax G recorder set 
up to read directly in mA by calibration with a L & N 
type K-2 potentiometer. The total charge transfer was 
determined by tabular integration using 90-second chart 
intervals. 


Compartment volume changes were recorded period- 
ically, thus permitting the determination of instantaneous 
t. values from the slopes of a plot of moles of water 
transferred (corrected for electrode volume change) vs 
faradays of charge. Four different ¢, values were re- 
corded in each run: two from the best straight lines in 
the anode and cathode curves, and two from the total 
solvent transfer per total charge transfer in the anode 
and cathode compartments. The four values generally 
agreed well. 


RAE 


| | 
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TABLE 2 — EXPERIMENTAL AND CALCULATED TRANSFERENCE NUMBERS AND STREAMING POTENTIALS IN SHALES 


(1) (2) (3) (4) (5) 
Molal- if 
Shale ity I (exp.) 

Sample” NaCl mA/cm* mol/far. 
rf 0.10 0.84 16.0 0.97 

Z 0.50 0.85 11.3 0.65 
11-1 0.10 1.54 14.6 0.88 
E 0.10 aS 4.8 0.92 

14 0.10 1.09 13.6 0.83 
14 0.50 1.09 12.8 0.53 
D 0.10 1.88 8.9 0.93 

G 0.10 0.94 528 0.93 
Cc 0.10 1.21 7.4 0.88 


(6) (7) (8) (9) cain fake (10) 
alc fro 
age Eqs. 12 and 16 

Exp. Calc. 1 
0.99 0.25 0.32 12.2 0.99 
0.76 0.17 0.23 8.2 0.73 
0.91 0.70 0.30 36.0 0.95 
0:92." 5 0.11 0.11 5.0 0.92 
0.87 0.26 0.27 13.1 0.85 
0.64 0.23 0.25 11.5 0.63 
0.94 0.19 0.19 9.0 0.94 
0.94 0.18 0.12 8.5 0.95 
0.90 0.16 0.16 TS 0.90 


AN Ds DESCUS Gan 


In Table 2, the molality figures represent the concen- 
trations in the streaming potential runs and the initial 
concentrations in the transference number runs. In the 
course of a transference run, the total concentration 
change was about 5 per cent. The current density values 
in the third column represent the current used in /, runs 
divided by the average area of the two faces of the shale 
sample. 

In other transference runs with the same shale sam- 
ples, the effect of current density J on t, was determined. 
At high J, tf, decreased with current density, but in the 
range 0.7 to 5 mA/cm’, no change in ¢, was observed. 
The data given in Table 2 are therefore essentially the 
zero-current values. 

The experimental instantaneous f, values are shown 
in Col. 4. The K-values, Col. 5, are the instantaneous 
values of (t, — 0.018m t,). These were obtained with 
the use of Eq. 12 by measuring E,, as a function of In 
@xac: and then drawing tangents to the curve at the ap- 
propriate NaCl molality. The ¢, values in Col. 6 were 
then obtained from the experimental ft, and K values. 
The dE/dp values in Col. 8 were calculated from Eq. 
16, using the experimental ¢, and calculated 4, values, 
Cols. 4 and 6. They are compared with dE/dp experi- 
mental, Col. 7. Finally, as a cross-check, the calculated 
t, and ft, values in Cols. 9 and 10 were obtained by the 
simultaneous solution of K = (t, — 0.018m t,) and Eq. 
16, using the experimental dE/dp values. It should be 
noted that the effect of t, on K is small compared to 
that of t, in dilute solutions. 


Sample 11-1 was a highly heterogeneous laminated 
calcareous shale, which may explain the unusually high 
dE/dp value found for Shale 11-1. A different sample 
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of this shale was used in the transference number run, 
and the discrepancy between calculated and measured 
values of dE/dp may be due to the inhomogeneity of 
this particular shale formation. 

The agreement between the experimental and calcu- 
lated t, and dE/dp values is generally quite good. The 
agreement is evidence of the validity of the membrane 
and electrokinetic potential equations (Eqs. 12 and 16). 
Both the theory and data provide additional verification 
of the presence and magnitude of streaming potential in 
shales.”* 
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An Improved Pendant Drop, Interfacial Tension Apparatus 
and Data for Carbon Dioxide and Water 
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An improved apparatus is described for the determi- 
nation of interfacial tension* by the pendant drop 
method in the pressure range from 15 to 15,000 psi 
and the temperature range from 100° to 280°F. The 
chief characteristics of this apparatus are reliability and 
ease of operation. Temperature contro] was accom- 
plished by means of an electrically heated jacket which 
could be completely removed while cleaning the appa- 
ratus. The cell was designed so that the camera could 
be placed about 1 in. from the window without over- 
heating the camera lens. Separate “O” rings employed 
to seal each window and corresponding window backup 
plate gave very reliable window operation at 10,000 psi. 
An extra piston-cylinder combination was added so that 
a high compression ratio could be attained when gas 
was employed as one phase in the pendant drop cell. 
Other essential parts of the system were simiiar to an 
apparatus already described.’ 

The interfacial tension for carbon dioxide and water 
varies from about 69 dynes/cm at I5 psi to about 19 
dynes/cm at 1,250 psi for 100°F. For pressures between 
1,500 and 3,500 psi, the interfacial tension is between 
22 and 24 dynes/cm at this temperature. The interfacial 
tension at 280°F varies from about 50 dynes/cm at 200 
psi to about 17 dynes/cm at 10,000 psi. The maximum 
surface excess for carbon dioxide, assuming the surface 
excess of water to be zero, occurs at about 1,500 psi 
for the 100°F isotherm and has a value of about 
39 < 10% mol/sq cm, At 160°F this maximum is shifted 
to about 2,000 psi and has a value of about 10 * 10” 
mol/sq cm. Other maxima, as well as several minima, 
are present at these and other temperatures. Judging 
from the data on the solubility of water in carbon 
dioxide at elevated pressures’, it appears that the princi- 
pal maxima named are in regions of increasing solubil- 
ity of the water in the carbon dioxide rich phase. 
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«The term “interfacial tension” will be used for the specific free 
surface energy between two phases having different fractional com- 
positions while the term “surface tension’? will be used when the 
phases have the same fractional compositicn. 
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INTRODUCTION AND APPARATUS 


A pendant drop interfacial tension apparatus which 
would accommodate an opaque liquid in a gas phase 
was constructed several years ago’ for industrial pur- 
poses, This apparatus was used as a starting point for 
the present development. The objective of the present 
development was to enhance reliability and convenience 
of operation. Other articles’’ have described pendant 
drop apparatus which could not accommodate a gaseous 
phase adjacent to the windows. 

A schematic diagram of the apparatus is shown in 
Fig. 1. The water used followed the path: A, intro- 


ale 


Fic. 1—Scuematic DracraAmM OF APPARATUS. 
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duction vessel; B, compression cylinder; and C, throttle 
valve. The carbon dioxide used followed the path: D, 
storage cylinder; E and F, compression cylinders; and 
G, introduction valve. Hydraulic fluid was supplied 
under pressure by the hydraulic system, H. Cleaning 
techniques previously described’ and sample introduc- 
tion were carried out with the aid of the vacuum 
system, I. Water was removed from the cell through 
the valve, J, and carbon dioxide was removed through 
Valve K to prevent fluids which had been in contact 
with the O rings from re-entering the working section 
of the cell. 


An assembly drawing of the cell is given in Fig. 2. 
The cell had a length of 8.35 in. and a diameter of 5 in. 
Referring to Section A-A, the camera was placed at 
the left of the cell so that the lens was close to the 
pendant drop. Because of the cell design, a magnifica- 
tion of about 13 was obtained without special cooling 
for the camera lens. The pendant drop, shown in the 
central part of the figure, was illuminated by a source 
placed to the right of the cell. The windows A, were 
held in position by caps designated by B. An O ring 
which sealed the low pressure side of each window 
from the pressure in the cell was contained in the 
groove provided in each cap. A backup plate, C, for 
the left-hand window was sealed by an O ring on the 
inside face. A backup plate, D, for the right-hand 
window was sealed by an O ring on the periphery. The 
nut which held the left-hand backup plate in place 
is designated by E. Tapered threads were provided for 
ease in changing windows. The main part of the cell 
is designated by F, and the plug holding the right-hand 
backup plate is designated by G. Drain rings, H, were 
provided for withdrawing the gas from the cell so that 
gas which was in contact with the O rings would be 
removed before it reached the working section of the 
cell. The two fittings which connect to the drain rings, 
H (shown in Section B-B) were connected to Valve 
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K of Fig. 1. It can be noted that each O ring in this 
assembly sealed one pair of surfaces, not two as in a 
previous apparatus.’ It can also be noted that positive 
seals were provided for gas in contact with the windows 
instead of slowly leaking close fits as in two other 
apparatuses.*” The dropper tip was introduced through 
a fitting at the top of the cell or it could be introduced 
through a similar fitting at the bottom of the cell. 


Fic. 3—Rear View or APPARATUS. 
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Normally the fitting opposite tne dropper tip would be 
used to remove material which accumulates from the 
phase inside the drop. A similar fitting was provided 
at one side of the cell (the right side in Section B-B) 
so that solid samples could be introduced in the vicinity 
of the drop, The apparatus was housed in a massive 
steel frame shown in Fig. 3 to provide safety for the 
operator and stability for the working section. 


MATERIALS AND EXPERIMENTAL 
PROCEDURE 


The carbon dioxide used was obtained from the 
Matheson Co., with a specified purity of 99.9 per cent. 
Water used for experimental purposes was re-distilled 
until it reached a specific resistivity of 400,000 ohm-cm 
(as determined by a General Radio type No. 650a 
impedance bridge and a dip cell). Buna N type O rings 
were employed. 

The experimental procedure was determined largely 
by the necessity of achieving and maintaining a high 
degree of cleanliness in the apparatus at all times. All 
parts that were to be contacted by the test fluids were 
washed with cleaning solution and distilled water until 
the wash water had a specific resistivity of at least 
350,000 ohm-cm. Before introduction of the test mate- 
rials, the sample systems were evacuated at a pressure 
of 10° mm of mercury. After each stroke of the pis- 
tons, the cylinders were dismantled and cleaned to 
prevent contamination of the sample from oil adhering 
to the cylinder walls. The purity of the water was 
checked at the beginning and end of each isotherm or 
of a set of two isotherms by determining the interfacial 
tension against air at 100°F and 14.7 psia. Any iso- 
therm or set of isotherms was discarded unless the 
determination was in agreement with the accepted 
value’ to within 0.1 per cent, A comparison was made 
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between values of interfacial tension produced by the 
same low pressure before and after obtaining data for 
each isotherm. 

All pictures were taken at a drop age of 10 seconds in 
order to allow sufficient time for the carbon dioxide to 
diffuse through the interface without appreciably chang- 
ing the bulk density of the drop. Before a picture was 
taken, 10 or more drops were displaced through the 
tip so that, although the bulk of the gas phase was 
saturated with water, the bulk of the liquid phase con- 
tained practically none of the carbon dioxide. 

Throughout the experimenal work, the precision of 
pressure was 15 psi and the precision of temperature 
was 0.1°F. The pressure gauges were calibrated against 
a dead-weight gauge while the thermocouples were 
compared both to standard mercury-in-glass thermom- 
eters and to the boiling temperatures of pure sub- 
stances. The net heat gain from the parallel light passing 
through the cell was measured and found negligible for 
the purposes of this work. 

Magnification of negatives was determined by meas- 
urement of the photographed tip diameter and the 
actual diameter with a comparator. The methods used 
in calculating the interfacial tension have already been 
indicated.’ In the interpretation and analysis of results, 
frequent use was made of numerical methods and large 
scale plots. 


DISCUSSION OF DATA 


Tabular data on the experimental values of inter- 
facial tension divided by density difference is omitted 
because of space limitations but is available in a PhD 
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dissertation." A notation of ascending or descending 
pressure is made for each data point since there are 
minor reproducible differences. Resistivity measure- 
ments were made on the sample of water employed and 
upon a sample removed from the dropper tip before 
taking data. In general, it was found that specific resis- 
tivity of 300,000 ohm-cm or more resulted in surface 
tensions for the air-water system at 100°F which were 
within 0.1 per cent of the accepted value.’ In general, 
it is believed that the precision of measurement of inter- 
facial tension divided by density difference is about 
0.1 per cent. Presence of impurities may contribute 
uncertainty of as much as 1 or 2 per cent at some 
pressures and temperatures, and lack of attainment of 
equilibrium may contribute uncertainty of as much as 


Smoothed values of interfacial tension for the water- 
carbon dioxide system are omitted to conserve space 
but are available.’ Values for the density of water were 
obtained from Dorsey, and values for the density 
of carbon dioxide were obtained from a compilation by 
Kendall and Sage.* It is believed that the accuracy of 
the interfacial tension data is about + 0.5 per cent for 
pressures below 1,500 psia on the 100°F isotherm and 
is about + 3 per cent for pressures between 1,500 
and 3,500 psia on the 100°F isotherm. In the case of 
the 280°F isotherm, the accuracy is somewhat less, 
being about + 1 per cent in the vicinity of 500 psia, 
+ 5 per cent in the vicinity of 2,000 psia and + 2 per 
cent in the vicinity of 10,000 psia. The data on inter- 
facial tension divided by density difference and on inter- 
facial tension are portrayed graphically in Figs. 4 and 
5. For the interfacial tension divided by density differ- 
ence (portrayed as a function of pressure for isotherms 
of 100°, 160°, 220° and 280°F in Fig. 4), values for 
both ascending and descending pressures coincided 
closely except in the pressure region of 3,000 to 3,800 
psia on the 100°F isotherm. The ascending pressures 
have been designated by solid experimental points. 
Interfacial tension for the water-carbon dioxide system 
for isotherms of 100°, 160°, 220° and 280°F is shown 
as a function of pressure in the range from 0 to 10,000 
psia in Fig. 5. 

Surface excesses for the carbon dioxide-water system 
at temperatures of 100° and 160°F are shown in Fig. 
6 for pressures in the range from 0 to 7,000 psia. These 
data were derived by methods already described,” as- 
suming that the surface excess of the water component 
is zero. Numerical methods were used for the differen- 
tiation of the smooth data which employed formulas 
developed by Newton and Stirling. It is apparent from 
inspection of the data of Fig. 6 that an unusually high 
maximum of surface excess occurs for the 100°F iso- 
therm in the vicinity of 1,500 psia. It can be seen from 
inspection of the 160°F isotherm that a similar maxi- 
mum occurs in the vicinity of 2,000 psia. The maximum 
for the 100°F isotherm mentioned corresponds to 
approximately 6.5 monolayers of carbon dioxide based 
upon the data collected by Livingston.* The surface 
excess of carbon dioxide for the 200° and 280°F iso- 
therms is plotted for the range from 0 to 10,000 psia 
(on a different scale) in Fig. 7. In general, the highest 
values of surface excess encountered appear to lie 
below about 6 < 10“ mol/sq cm, which corresponds to 
approximately one monolayer of carbon dioxide. 
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Solubility relationships of water in carbon dioxide* 
have been obtained at elevated pressures. It is inter- 
esting to speculate that points of inflection on the solu- 
bility-pressure diagram interpolated to 100° and 160°F 
occur at approximately the same pressures as the maxi- 
mum surface excess. Fig. 8 illustrates this relationship, 
but at present there is not enough data available to 
make any definite statement. However, this line of 
attack seems to suggest that a correlation might eventu- 
ally be devised. 
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History of the Cisco K-1] Reservoir. (Tech. Note) 

Heat CONDUCTIONS transient: analytical solutions for linear 
and radial systems; underground combustion pro- 
cess, 123; Summary May JPT, 74A 

during radial movement of a cylindrical heat source, 
applications to the thermal recovery process, 115; 
Summary May JPT, 75 

Hever, G. J., et al.: An Improved Pendant Drop, Interfacial 
Tension Apparatus and Data for Carbon Dioxide 
and Water, (Tech. Note) 469; Summary Dec. JPT, 

Hicks, A. L., et al.: Computing Techniques for Water-Drive 
Reservoirs, (Tech. Note) June JPT, 400 

Hitt, H. J., and Anperson, A. E.: Streaming Potential Phe- 
nomena in SP Log Interpretation, 203 (Aug. JPT) 

Horm, L. W.: Carbon Dioxide Solvent Flooding for Increased 
Oil Recovery, 225 (Sept. JPT) 

Houcn, E. W., et al.: An Improved Pendant Drop, Interfacial 
Tension Apparatus and Data for Carbon Dioxide 
and Water, (Tech, Note) 469; Summary Dec. JPT, 

Hurp, B. G., and Firen, J. L.: The Effect of Gypsum on Core 
Analysis Results, 221 (Sept. JPT) 

Hurcurnson, T. S., and Sixora, V. J.: A Generalized Water- 
Drive Analysis, 169 (July JPT) 
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IMBIBITION PHENOMENA: theory and application in recovery 
of oil, (Tech. Note) Feb. JPT, 377 

IMMISCIBLE DISPLACEMENT: method for calculating multi-di- 
mensional flow of water displacing oil from porous, 
water-wet rock, 297; Summary Oct. JPT, 85 

slow, viscous liquid-liquid: instability in permeable media, 

188; Summary July JPT, 64 

INFLUENCE FUNCTIONS: use in computing techniques for water- 
drive reservoirs, (Tech. Note) June JPT, 400 

INJECTION GAS: control of composition in enriched gas-drive 
projects, (Tech. Note) June JPT, 398 

INJECTION RATE: prediction for multifluid five-spot floods, 98 
(May JPT) 

INTERFACIAL TENSION: improved pendant drop apparatus and 
data for carbon dioxide and water, (Tech. Note) 


469: Summary Dec. JPT, 77 
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INTERFERENCE: within gas reservoirs adjacent to a common 
aquifer; method for predicting behavior, 247; Sum- 
mary Sept. JPT, 231A 

Invasion: some effects on SP curve, 138 (June JPT) 

INVASION EFFICIENCY: water: Fosterton field, Canada; an un- 
usual problem, 130 (June JPT) 

ISOCHRONAL TEST: use in calculation of the stabilized per- 
formance coefficient of low permeability natural 


gas wells, 240 (Sept. JPT) 
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Jacosy, R. H., et al: Effect of Composition and Temperature 
on Phase Behavior and Depletion Performance of 
Rich Gas-Condensate Systems, (Tech. Note) July 
JPT, 406 

Jessen, F. W., and Browy, K. E.: Effect of Pressure and Tem- 
perature on Cavities in Salt, 341 (Dec. JPT) 

Jessen, F. W., and Muncan. N.: The Effect of Particle Size 
Distribution and Exchange Cation on Gel Proper- 
ties of Fractionated Bentonite Suspensions, (Tech. 
Note) 455; Summary Dec. JPT, 74A 

Jewerr, R. L., et al.: Prediction of Injection Rate and Pro- 
duction History for Multifluid Five-Spot Floods. 
98 (May JPT) 

Jounson, E. F., et al.: Calculation of Relative Permeability 
from Displacement Experiments, (Tech. Note) Jan. 

Jounson, H. C., and Exxiorr, J. K.: Control of Injection Gas 
Composition in Enriched Gas-Drive Projects, (Tech. 
Note) June JPT, 398 

Jones-parra, J., and Reytor, R. S.: Effect of Gas-Oil Ratio 
on the Behavior of Fractured Limestone Reservoirs. 


(Tech. Note) May JPT, 395 
K 


Kaiser, A. D., Jr., et al.: Laboratory Studies of Formation 
Damage in Sands Containing Clays, 209 (Aug. 

Karz, D. L., et al.: Design of Gas Storage Fields, 44 (March 

Katz, D. L., et al.: Effect of Unsteady-State Aquifer Motion 
on the Size of an Adjacent Gas Storage Reservoir. 
18 (Feb. JPT) 

Karz. D. L.. et al.: Method for Predicting the Behavior of Mu- 
tually Interfering Gas Reservoirs Adjacent to a 
Common Aquifer. 247; Summary Sept. JPT, 231A 

Karz. D. L., et al.: Unsteady-State Liquid Flow Through Por- 
ous Media Having Elliptic Boundaries, (Tech. 
Note) 460; Summary Dec. JPT, 75 

KELLY-SNYDER RESERVOIR: See Texas 

Kennepy, H. T., et al.: Equilibrium Calculations on the Kelly- 
Snyder Reservoir, (Tech. Note) Sept. JPT, 423 

Kern. L. R.. et al.: The Mechanics of Sand Movement in Frac- 
turing. (Tech. Note) July JPT, 403 

Kurikxorr, W. A., Jr.. and Farr, I.: Effect of Fractional Wet- 
tability on Multiphase Flow Through Porous Media. 
(Tech. Note) Oct. JPT, 426; discussion, 432 

Koetter, R. C.. et al.: Effect of Composition and Temperature 
on Phase Behavior and Depletion Performance of 
Rich Gas-Condensate Systems, (Tech. Note) July 
JPT, 406 
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LaporAvory STUDIES: formation damage in sands containing 
clays, 209 (Aug. JPT) 
investigation of phenomena affecting drilling rates at 
depth, 232 (Sept. JPT) 
rock breakage by rotary drilling, 92 (May JPT); discus- 
sion, 361; Dec. JPT, 78A 
Larrp, A. D. K., and Putnam, J. A.: Three Component Satu- 
ration in Porous Media by X-Ray Techniques, 216; 
Summary Aug. JPT, 58 
Lanpers, J. E., et al.: Field Evaluation of Cathodic Protection 
of Casing, 354 (Dec. JPT) 
Lanprum, B. L., et al.: 4 New Experimental Model for Study- 
ing Transient Phenomena, 33; Summary Feb. JPT, 
22A 
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Lanprum, B. L., et al.: Swept Areas After Breakthrough in 
Vertically Fractured Five-Spot Patterns, TS Sista 
mary April JPT, 70 

Lanprum, B. L., and CRAWFORD, P. B.: Transient Pressure 
Distribution in Fluid Displacement Programs, 
(Tech. Note) Noy. JPT, 441 

LAaNceNHEIM, R. H., and Marx, J. W.: Reservoir Heating by 
‘Hot Fluid Injection, 312; discussion, 364; Summary 
Nov. JPT, 96A 

Larkin. B. K., and Battery. H. R.: Heat Conduction in Un- 
derground Combustion, 123; Summary May JPT, 
7T4A 

Lracu. R. O.: Discussion on Effect of Fractional Wettability 
on Multiphase Flow Through Porous Media, (Tech. 
Note) Oct. JPT, 430 

Leacu, R. O., and Wacner, O. R.: Improving Oil Displace- 
ment Efficiency by Wettability Adjustment, 65 
(April JPT) 

Lepgerrer, R. L., et al.: Computing Techniques for Water- 
Drive Reservoirs. (Tech. Note) June JPT, 400 

Ler, E. H., and Fayers, F. J.: The Use of the Method of 
Characteristics in Determining Boundary Conditions 
for Problems in Reservoir Analysis, 284; Summary 
Oct. JPT, 83 

Leuman, J. J., et al.: Field Evaluation of Cathodic Protection 
of Casing, 354 (Dec. JPT) 

Loc INTERPRETATION: streaming potential phenomena in SP, 
203 (Aug. JPT) 

LUBRICATING ADDITIVES: pressure increase drill bit life through 
use of drilling fluids, 195 (Aug. JPT) 
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Martin, J. C.: Simplified Equations of Flow in Gas Drive Kes- 
ervoirs and the Theoretical Foundation of Multi- 
phase Buildup Analyses. 309 (Oct. JPT) 

Marx, J. W., and Lancenneim, R. H.: Reservoir Heating by 
Hot Fluid Injection, 312; discussion, 364; Sum- 
mary Nov. JPT, 96A 

Mass TRANSFER: fluid components in a porous medium at con- 
stant saturation and fluid velocity, (Tech. Note) 
Jan. JPY, 366 

MATERIAL BALANCE CALCULATIONS: effect of nonlinear behavior 
of elastic porous media, 179; Summary July JPT, 70 

effect of pressure inversion, (Tech. Note) May JPT, 392 

Marttax, C. C., et al.: Effect of Crude Oil Components on 
Rock Wettability, 330 (Nov. JPT) 

Marruews, C. S., et al.: Prediction of Injection Rate and Pro- 
duction History for Multifluid Five-Spot Floods, 98 
(May JPT) 

Marruews, C. S., and Rosensaum, M. J. F.: Studies on Pilot 
Water Flooding, 316 (Nov. JPT) 

McArrtuour, B. W., and Harpy, W. C.: Application of Labora- 
tory Data in Calculating the Primary Production 
History of the Cisco K-1 Reservoir, (Tech. Note) 
Reb. 

McEwen, C. R.: A Numerical Solution of the Linear Displace- 
ment Equation with Capillary Pressure, (Tech. 
Note) Aug. JPT, 412 

McNiet, J. S., Jr., et al: In Situ Combustion Process—Re- 
sults of a Five-Well Field Experiment in Southern 
Oklahoma, 55 (April JPT) 

Meap, H. N.: Pressure Inversion and Material Balance Cal- 
culations, (Tech. Note) May JPT, 392 

MerTHOD OF CHARACTERISTICS: use in determining boundary 
conditions for problems in reservoir analysis, 284; 
Summary Oct. JPT, 83 

use in one-dimensional, incompressible, noncapillary, two- 
phase fluid flow in a porous medium, 290; Sum- 
mary Oct. JPT, 84 

MIGRATION OF FLUID: across fixed boundaries in reservoirs pro- 
ducing by fluid expansion, 78; Summary April 
JPT, 74 

Mixter, C. C., and Dyes, A. B.: Maximum Reservoir Worth— 
Proper Well Spacing, 334 (Nov. JPT) 
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MisciBLE DISPLACEMENT: carbon dioxide slug followed by 
water increased oil recovery, 225 (Sept. JPT) 
evaluation of diffusion effects, (Tech. Note) March JPT. 
382 
factors influencing the efficiency, 1 (Jan. JPT) 
transition zone: mass transfer of fluid components in a 
porous medium at constant saturation and fluid ve- 
locity, (Tech. Note) Jan. JPT, 366 

MosiLiry ratio: effect studied on pilot water flooding, 316 

(Noy. JPT) 

factor influencing the efficiency of miscible displacement, 

production potential changes during sweep-out in a five- 
spot system, (Tech. Nete) Dec. JPT, 446 

Mopets: dynamic and potentiometric: studies on pilot water 

flooding, 316 (Nov. JPT) 
flow: for studying effect of unsteady-state aquifer motion 
on the size of an adjacent gas storage reservoir, 18 
(Feb. JPT) 
for studying production potential changes during 
sweep-out in a five-spot system, (Tech. Note) Dec. 
JPT, 446 
heat conduction: for studying transient phenomena, 33; 
Summary Feb. JPT, 22A 
linear: torpedo sandstone used in laboratory investigation 
of water-driven carbon dioxide process, (Tech. 
Note) April JPT, 388 
Lucite, scaled: factors influencing the efficiency of miscible 
displacement, 1 (Jan. JPT) 
mathematical: used to determine effect of gas-oil ratio 
on behavior of fractured limestone reservoirs, 
(Tech. Note) May JPT, 395 
network: used in study of unusual problem of bottom 
water coning and volumetric water invasion efh- 
ciency, Fosterton field, Canada, 130 (June JPT) 
potentiometric: estimate swept areas after breakthrough 
in vertically fractured five-spot patterns, 73; Sum- 
mary April JPT, 70 
prediction of injection rate and production history 
for multifluid five-spot floods, 98 (May JPT) 
studies of well arrays for in situ combustion experi- 
ment in Southern Oklahoma, 55 (April JPT) 
thermal: use for studying transient pressure distributions 
in fluid displacement programs, (Tech. Note) Nov. 
JPT, 441 
visual: study of instability of slow, immiscible, viscous 
liquid-liquid displacements in permeable media, 
188; Summary July JPT, 64 

MonacHan, P. H., et al.: Influence of Propping Sand Wetta- 
bility on Productivity of Hydraulically Fractured 
Oil Wells, 324 (Nov. JPT) 

Monacuan, P. H., et al.: Laboratory Studies of Formation 
Damage in Sands Containing Clays, 209 (Aug. 

Morcean, B. E., et al.: Laboratory Studies of Formation Dam- 
age in Sands Containing Clays, 209 (Aug. JPT) 

Moss, J. T., et al.: In Situ Combustion Process—Results of a 
Five-Well Field Experiment in Southern Oklahoma, 
55 (April JPT) 

Mortapa, M.: Discussion on A Generalized Water-Drive An- 
alysis, 177 (July JPT) 

Muncan, N., and Jessen, F. W.: The Effect of Particle Size 
Distribution and Exchange Cation on Gel Proper- 
ties of Fractionated Bentonite Suspensions, (Tech. 
Note) 455; Summary Dec. JPT, 74A 
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NaturaL Gas: calculation of the stabilized performance co- 

efficient of low permeability wells, 240 (Sept. JPT) 
design of gas storage fields, 44 (March JPT) 

Naumann, V. O., et al.: Calculation of Relative Permeability 
from Displacement Experiments, (Tech. Note) Jan. 

Nemsen, R. F., and Gitcurist, R. E.: Transfer of Fluid Com- 
ponents in a Porous Medium at Constant Saturation 


and Fluid Velocity, (Tech. Note) Jan. JPT, 366 
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Norwoop, B. C., et al.: 4 New Experimental Model for Study- 
ing Transient Phenomena, 33; Summary Feb. JPT, 
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Open, A. S.: Effect of Viscosity Ratio On Relative Permeabil- 
ity, 346 (Dec. JPT); discussion, 353 
Oi prRopuction: Alaska: from frozen reservoir rocks, Umiat 
oil field, (Tech. Note) Nov. JPT, 437 
increased by carbon dioxide solvent flooding, 225 (Sept. 
laboratory investigation of the water-driven carbon dioxide 
process, (Tech. Note) April JPT, 388 
mathematical description of detergent flooding, 277; Sum- 
many, Oct) 
production potential changes and effect of mobility ratio 
during sweep-out in a five-spot system, (Tech. Note) 
Dec. JPT, 446 
theory and application of imbibition phenomena, (Tech. 
Note) Feb. JPT, 377 
OIL RESERVOIRS: design and operation for gas storage fields, 
44 (March JPT) 
mathematical description of detergent flooding, 277; Sum- 
mary Oct. JPT, 83 
OIL SATURATIONS: triple-valued: meaning in noncapillary 
Buckley-Leverett theory, 271; Summary Oct. JPT, 
82A 
OIL weELLs: hydraulically fractured: influence of propping sand 
wettability on productivity, 324 (Nov. JPT) 
OxiaHOoMA: Pontotoc sand: field results of in situ combus- 
tion experiment, 55 (April JPT) 
OrtLorr, G. D., and Berson, D. M.: Laboratory Investigation 
of the Water-Driven Carbon Dioxide Process for Oil 
Recovery, (Tech. Note) April JPT, 388 
Ososa, J. S., et al.: Influence of Propping Sand Wettability 
on Productivity of Hydraulically Fractured Oil 
Wells, 324 (Nov. JPT) 


Parsons, R. L.: Discussion on Prediction of Approximate 
Time of Interference Between Adjacent Wells, 
(Tech. Note) Oct. JPT, 433, discussion, Dec. JPT, 
436 

PARTICLE SIZE DISTRIBUTION: effect on gel properties of frac- 
tionated bentonite suspensions, (Tech. Note) 455; 
Summary Dec. JPT, 744A 

ParcHen, F. D., et al.: Water-In-Oil Emulsion Cements, 252 
COcta 

Peaceman, D. W., et al.: A Method for Calculating Multi- 
Dimensional Immiscible Displacement, 297; Sum- 
mary Oct. JPT, 85 

PERFORMANCE COEFFICIENT: calculation for low permeability 
natural gas wells, 240 (Sept. JPT) 
Perxins, T. K., et al.: The Mechanics of Sand Movement in 
Fracturing, (Tech. Note) July JPT, 403 
PERMEABILITY RATIO: gas-oil: correlation with sandstone core 
characteristics, 258 (Oct. JPT) 

PERMEABILITY STRATIFICATION: factor influencing the efficiency 
of miscible displacement, 1 (Jan. JPT) 

prediction of injection rate and production history for 

multifluid five-spot floods, 98 (May JPT) 

Perrine, R. L., and Fayers, F. J.: Mathematical Description 
of Detergent Flooding in Oil Reservoirs, 277; Sum- 
mary Oct. JPT, 83 

PHASE BEHAVIOR: rich gas-condensate systems, effect of com- 
position and temperature, (Tech. Note) July JPT, 
406 

Pinson, J. M., et al.: Swept Areas After Breakthrough in 
Vertically Fractured Five-Spot Patterns, 73; Sum- 
mary April JPT, 70 

Pirzer. S. C., et al.: A Comparison of Theoretical Pressure 
Build-Up Curves with Field Curves Obtained from 
Bottom-Hole Shut-In Tests, (Tech. Note) Aug. JPT, 
416 

PLuccinc acGeNTs: alum-ammonia for formation water shut- 
off in sand-type porosity in air drilling, 163 (July 


silicon tetrafluoride gas for lormation water shut-off in 
air drilling, (Addendum to T.P. 8070), 168 (July 
JPT) 

Poetrmann, F. H., and Scuizson, R. E.: Calculation of the 
Stabilized Performance Coefficient of Low Per- 
meability Natural Gas Wells, 240 (Sept. JPT) 

Pottarp, P.: Evaluation of Acid Treatments from Pressure 
Build-up Analysis, 38 (March JPT) 

Ponroroc sanp: See Oklahoma 

Pore VOLUME; dead-end: pressure transients in porous media, 
(Tech. Note) Dec. JPT, 449 

Porosity: intergranular: water shut-off method used in air 
drilling, 163 (July JPT) 

measurement by acoustic velocity log, 262 (Oct. JPT) 

Porous mepta: See also Reservoir Rocks 

clay dispersed: laboratory studies of formation damage, 
209 (Aug. JPT) 

demonstration of the effect of “dead-end” volume on pres- 
sure transients, (Tech. Note) Dec. JPT, 449 

effect of capillary pressure and gravity on two-phase 
fluid flow, 147; Summary June JPT, 70A 

effect of fractional wettability on multiphase flow, (Tech. 
Note) Oct. JPT, 426 

elliptic boundaries: unsteady-state liquid flow, (Tech. 
Note) 460; Summary Dec. JPT, 75 

evaluation of acoustic velocity log for measurement of 
formation porosity, 262 (Oct. JPT) 

factors influencing the efficiency of miscible displacement. 
ib 

measuring three-component saturation by X-ray tech- 
niques, 216; Summary Aug. JPT, 58 

new experimental model for studying transient phenomena, 
33; Summary Feb. JPT, 22A 

one-dimensional, incompressible, noncapillary, two-phase 
fluid flow, 290; Summary Oct. JPT, 84 

transfer of fluid components at constant saturation and 
fluid velocity, (Tech. Note) Jan. JPT, 366 

Prats, M., et al.: Prediction of Injection Rate and Produc- 
tion History for Multifluid Five-Spot Floods, 98 
(May JPT) 

Pressure: See also Reservoir Pressure 

effect on cavities in salt domes, 341 (Dec. JPT) 

inversion: effect on material balance calculations, (Tech. 
Note) May JPT, 392 

laboratory study of effect of overburden, formation and 
mud column pressures on drilling rate of permeable 
formations, 9 (Jan. JPT) 

simplified water influx calculations above the bubble 
point, (Tech. Note) Sept. JPT, 420 

PRESSURE BUILD-UP ANALYSES: evaluation of acid treatments, 

38 (March JPT) 

multiphase: theoretical foundation and the simplified 
equations of flow in gas drive reservoirs, 321 (Oct. 

two-phase: effect of gas saturation on static pressure cal- 
culations, 49; Summary March JPT, 64A 

PRESSURE DISTRIBUTIONS: use of new laboratory model for 
studying transient condition in fluid displacement 
programs, (Tech. Note) Nov. JPT, 441] 

Pressure MAINTENANCE: See Water Flooding 

PRESSURE PROFILES: use in predicting approximate time of 
interference between adjacent wells, (Tech, Note) 
Oct. JPT, 433 

PRESSURE TRANSIENTS: demonstration of the effect of “dead- 
end” volume in porous media (Tech, Note) Dec. 
JPT, 449 

HIsToRY: Cisco K-1 reservoir: application of 
laboratory data in calculating, (Tech. Note) Feb. 

prediction for multifluid five-spot flood, mathematical 
analysis and potentiometric study, 98 (May JPT) 

PRODUCTION POTENTIAL: changes during sweepout in a_five- 
spot system, (Tech. Note) Dec. JPT, 446 

Putnam, J. A., and Lairp, A. D. K.: Three Component Sat- 
uration in Porous Media by X-Ray Techniques, 216; 
Summary Aug. JPT, 58 
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Racurorp, H. H. Jr.. et al: A Method for Calculating Multi- 
Dimensional Immiscible Displacement, 297; Sum- 
mary Oct. JPT, 85 
Ramey, H. J. Jr.: Transient Heat Conduction During Radial 
Movement of a Cylindrical Heat Source—A pplica 
‘tions to the Thermal Recovery Process, 115; Sum- 
mary May JPT, 75 
Ramey, H. J.: Jr.: Discussion on Reservoir Heating by Hot 
Fluid Injection, 312; discussion, 364 
Rayne, J. R., et al: Factors Influencing the Efficiency of 
Miscible Displacement, 1 (Jan. TET) 
RELATIVE PERMEABILITY: calculation from displacement experi- 
ments, (Tech. Note) Jan. JPT, 373 
effect of viscosity ratio, 346 (Dec. JPT) 
RESERVOIR ANALYSIS: use of the method of characteristics in 
determining boundary conditions, 284: Summary 
Oct. JPT, 83 
RESERVOIR HEATING: by hot fluid injection, 312; Summary 
Nov. JPT, 96A 
RESERVOIR PRESSURE: See also Pressure 
static: calculations from two-phase pressure build-up 
curves, effect of gas saturation, 49; Summary 
March JPT, 64A 
RESERVOIR ROCKS: See also Porous Media 
alteration of properties by percussion sidewall coring 
(Tech. Note) April JPT, 385 
effects of crude oil components on wettability, 330 (Nov. 
frozen: oil production from Umiat oil field, Alaska, (Tech. 
Note) Nov. JPT, 437 
instability of slow, immiscible viscous liquid-liquid dis- 
placements, 188; Summary July JPT, 64 
laboratory study of breakage by rotary drilling, 92 (May 
JPT) ; discussion, Dec. JPT, 78A 


nonlinear behavior of elasticity, 179; Summary July JPT, 


70 
observations relating to wettability, 156; Summary June 


Reservoirs: producing by fluid expansion: fluid migration 
across fixed boundaries, 78; Summary April JPT, 
74 

RESISTANCE FUNCTION: use in a generalized water-drive analy- 
sis, 169 (July JPT) 

Reyror, R. S., and Jones-Parra, J.: Effect of Gas-Oil Ratio 
on the Behavor of Fractured Limestone Reservoirs. 
(Tech. Note) May JPT, 395 

Rice, J. D., et al: A Comparison of Theoretical Pressure 
Build-Up Curves with Field Curves Obtained from 
Bottom-Hole Shut-In Tests, (Tech. Note) Aug. 
JPT, 416 

Ricuarpson, J. G., and Grauam, J. W.: Theory and Appli- 
cation of Imbibition Phenomena in Recovery of 
Oil, (Tech. Note) Feb. JPT, 377 

Roninson, L. H., Jr.: Effects of Pore and Confining Pressures 
on Failure Characteristics of Sedimentary Rocks, 
26; Summary Feb. JPT, 72A 

Rocxs: See Reservoir Rocks 

Rosenspaum, M. J. and MarruHews, C. S.: Studies on Pilot 
Water Flooding, 316 (Noy. JPT) 

Rosenperc, M., and Tar~ieur, R. J.: Increased Drill Bit Life 
Through Use of Extreme Pressure Lubricant Drill- 
ing Fluids, 195 (Aug. JPT) 


SaLarHteL, R. A., et al: Laboratory Studies of Formation 
Damage in Sands Containing Clays, 209 (Aug. 


SALT DOME CAVITIES: effect of pressure and temperature, 341 
(Dec. JPT) 

SAND MOVEMENT: mechanics in fracturing, (Tech. Note) July 
JPT, 403 
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SANDSTONE: correlation of k,/k, data with sandstone core 
characteristics, 258 (Oct. JPT) 
Scata, C. and Bernstern, F.: Some Aspects of the Streaming 
Potential and the Electrochemical SP in Shales, 
(Tech. Note) 465; Summary Dec. JPT, 76 
Scuitson, R. E., and Portrmann, F, H.: Calculation of the 
Stabilized Performance Coefficient of Low Permea- 
bility Natural Gas Wells, 240 (Sept. JPT) 
SEDIMENTARY ROCKS: effects of pore and confining pressures 
on failure characteristics, 26; Summary Feb. JPT, 
72A 
SEGESMAN, F., and Tixter, M. P.: Some effects of Invasion on 
the SP Curve, 138 (June JPT) 
SueLpon, J. W., et al: One-Dimensional, Incompressible, Non- 
capillary, Two-Phase Fluid Flow in a _ Porous 
Medium, 290: Summary Oct. JPT, 84 
Suetpon, J. W., and Fayers, F. J.: The Effect of Capillary 
Pressure and Gravity on Two-Phase Fluid Flow in 
a Porous Medium, 147; Summary June JPT, 70A 
SHUT-IN TESTS: bottom-hole: comparison of field curves with 
theoretical pressure build-up curves, (Tech. Note) 
Aug. JPT, 416 
Sikora, V. J., and Hurcurnson, T. S.: A Generalized Water- 
Drive Analysis, 169 (July JPT) 
SILICON TETRAFLUORIDE GAS: use as a formation plugging 
agent, (Addendum to T.P. 8070), 168 (July IPT) 
Simmons, J., et al: Swept Areas After Breakthrough in 
Vertically Fractured Five-Spot Patterns, 73; Sum- 
mary April JPT, 70 
Simon, R.: Discussion on A Laboratory Study of Rock Break- 
age by Rotary Drilling, 361; (Dec. JPT) 78A. 
SKIN RESISTANCE: role in evaluation of acid treatments from 
pressure build-up analysis, 38 (March JPT) 
SOLUTION GAS DRIVE: application of laboratory data in cal- 
culating the performance of the Cisco K-1 reservoir, 
(Tech. Note) Feb. JPT, 373 
effect of pressure inversion on material balance calcu- 
lations, (Tech. Note) May JPT, 392 
Somerton, W. H.: A Laboratory Study of Rock Breakage by 
Rotary Drilling, 92 (May JPT); discussion, Dec. 
Sonic Loccrnc: See Acoustic Velocity Logging 
SP Loe: interpretation of streaming potential phenomena, 203 
(Aug. JPT) 
some aspects of the streaming potential and the electro- 
chemical potential in shales, (Tech. Note) 465; 
Summary Dec. JPT, 76 
some effects of invasion, 138 (June JPT) 
Stevens, W. F., and THopos, G.: Prediction of Approximate 
Time of Interference Between Adjacent Wells, 
(Tech. Note) Oct. JPT, 433; discussion, 436; Dec. 
JPT, 78 
Stewart, F. M.: Simplified Water Influx-Pressure Calcula- 
tions Above the Bubble Point, (Tech. Note) Sept. 
JPT, 420 
STREAMING POTENTIAL: effects on SP log in shales, (Tech. 
Note) 465; Summary Dec. JPT, 76 
phenomena in SP log interpretation, 203 (Aug. JPT) 
Supgury, J. D., et al: Field Evaluation of Cathodic Protection 
of Casing, 354 (Dec. JPT) 


Tamxeour, R. J., and Rosenserc, M.: Increased Drill Bit Life 
Through Use of Extreme Pressure Lubricant Drill- 
ing Fluids, 195 (Aug. JPT) 

Tex, M. R., et al: Unsteady-State Aquifer Motion on the size 
of an Adjacent Gas Storage Reservoir, 18 (Feb. 
JPT) 

Tex, M. R., et al: Method for Predicting the Behavior of 
Mutually Interfering Gas Reservoirs Adjacent to a 
Common Aquifer, 247; Summary Sept. JPT, 231A 

Tex, M. R., et al: Unsteady-State Liquid Flow Through 
Porous Media Having Elliptic Boundaries, (Tech. 
Note) 460; Summary Dec. JPT, 75 

TEMPERATURE: effect on cavities in salt domes, 341 (Dee. 
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